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Abstract
Purpose Occupational exposure limits (OEL) for nitrogen oxides (NO,  NO2) and diesel exhaust (EC-DPM) were reassessed 
by the German authorities in 2016/2017. We performed a clinical cross-sectional study among salt and potash underground 
workers exposed to these substances at relatively high levels to examine possible indicators of acute effects on workers’ health.
Methods We measured post- versus pre-shift differences in cardiovascular, inflammatory, immune, and respiratory effect 
biomarkers and assessed their associations with personal exposures measured during the same shift. We also compared 
post- versus pre-shift differences in biomarker levels between exposure groups defined based on work site and job type.
Results None of the above-ground workers exceeded the OEL for  NO2 and only 5% exceeded the OEL for EC-DPM expo-
sure. Among underground workers, 33% of miners and 7% underground maintenance workers exceeded the OEL for  NO2; 
the OEL for EC-DPM was exceeded by 56% of miners and 17% of maintenance workers.
Some effect biomarkers (thrombocytes, neutrophils, MPO, TNF-α, IgE, FeNO) showed statistically significant differences 
between pre- versus post-shift measurements; however, there were no consistent associations between pre- and post-shift 
differences and exposure group or personal exposure measurements during the shift.
Conclusions We did not find evidence of associations between workplace exposure to NO,  NO2 or EC-DPM and clinically 
relevant indicators of acute cardiovascular, inflammatory and immune, or respiratory effects among salt and potash under-
ground workers in Germany.

Keywords Epidemiological study · Cross-sectional study · Salt and Potash mining · Diesel exhaust · Nitrogen oxides · 
Occupational exposure Limit

Introduction

Salt and potash miners are commonly exposed to blasting 
fumes and exhausts from machines and vehicles required 
for underground mining operations. Several previous stud-
ies showed that workers in underground potash mines in 
Germany had an increased incidence of respiratory symp-
toms, including reduced lung function (Lotz et al. 1998, 
2006, 2008). These studies, begun in the mid-1990s, ini-
tially examined the correlation between respiratory disorders 
and exposure to salt dust. Later, when discussions began 
in Europe on new limits for air pollutants such as nitrogen 
monoxide (NO) and nitrogen dioxide  (NO2), the research 
expanded to evaluate potential dose–response relationships 
between exposure to nitrogen oxides  (NOX) and lung func-
tion. In a longitudinal study, Lotz et al. (2008) reported a 
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dose–response relationship between salt mine exposures 
and decreased lung function. However, because the workers’ 
personal exposures to nitrogen oxides, salt dust, and diesel 
exhaust were mixed and highly correlated (with correlation 
coefficients as high as 0.99 for diesel exhaust and inhalable 
salt dust), it was not possible to identify the potential effects 
of any individual pollutants.

As recommended by the Scientific Committee on Occu-
pational Exposure Limits (SCOEL) of the European Com-
mission in June 2014, Occupational Exposure Limits (OELs) 
for  NOX were significantly reduced to 0.5 ppm for  NO2 and 
2.0 ppm for NO by the regulatory authorities in Germany in 
2016 (Ausschuss für Gefahrstoffe 2021; Scientific Commit-
tee on Occupational Exposure Limits 2014a, b). For diesel 
particulate matter measured as elemental carbon (EC-DPM) 
a new OEL was set at 0.05 mg/m3 in 2017 (Ausschuss für 
Gefahrstoffe 2021). Underground salt and potash mines 
cannot easily comply with the new OELs in the short term 
(Kübler et al. 2016). However, one German mining com-
pany developed a 5-year transitional action plan to reduce 
exposures by implementing several technical measures such 
as improving ventilation and switching to electric vehicles. 
The present study represents a key part of this action plan 
and was conducted in collaboration with the mining com-
pany’s statutory accident insurance institution for trade and 
industry and a panel of occupational health scientists, epi-
demiologists, and biostatisticians. To investigate if the delay 
in exposure reduction would negatively affect underground 
workers’ health, we assessed whether exposures to current 
levels of NO,  NO2 and diesel exhaust are associated with 
changes in indicators of acute health effects. In sensitivity 
analyses, we considered long-term pulmonary effects. We 
present findings based on two sites of the mining company.

Material and methods

Study participants

Based on power and sample size calculations from an ini-
tial feasibility study, we aimed to enroll approximately 1000 
underground workers and 250 above-ground workers. Par-
ticipants were eligible for inclusion if they had worked for at 
least one year at one of the two German sites of the above-
mentioned salt and potash mining company. We excluded 
underground workers who had worked in a different mine 
for more than one year and above-ground workers who had 
previously worked underground for more than one year. 
Workers who suffered from occupationally unrelated chronic 
diseases such as ulcerative colitis were also excluded. Work-
ers with acute hay fever symptoms on the day of examination 
were asked to participate at a later date. Due to insufficient 

numbers to present gender-specific results, 26 female work-
ers were excluded from the study.

Exposures tended to be higher among underground work-
ers at one site (Dahmann et al. 2007), likely due to differ-
ences in dust handling and consistency of the salt at the 
two plants. However, because the technology at both plants 
was comparable and the chemical composition of the salt 
dust was consistent (Lotz and Kersten 2012), we combined 
participants from both sites in the analyses. In sensitivity 
analyses, no differences in effect estimates between the sites 
could be detected.

A‑priori selection of exposure groups

Above-ground facility workers who experienced little expo-
sure to  NOX or diesel exhaust served as the reference group. 
This means that those workers who are regularly occupation-
ally exposed to higher levels of specific exposures such as 
diesel exhaust (e.g., through the operation of diesel-powered 
machines) were excluded from the study not to bias this 
group as reference. We subdivided underground workers 
into maintenance workers and miners. Due to differences 
in ventilation systems and in the amounts of diesel exhaust 
and blasting fumes in different areas of the mine, exposures 
among underground workers depended on workplace and 
activity, and miners were generally subject to higher expo-
sure levels than underground maintenance workers. Neither 
underground nor above-ground workers were required to 
wear respiratory protection during their daily work.

A‑priori selection of biomarkers

Based on a broad literature review of potential biomedical 
endpoints, we focused on acute biomarkers of early cardio-
vascular disease (partial thromboplastin time (PTT), throm-
bocytes, blood pressure); acute biomarkers of inflammation 
and immunological responses (neutrophils, Interleukin 6 and 
8 (IL-6 and IL-8), tumor necrosis factor α (TNF-α), mye-
loperoxidase (MPO), Club cell protein (CC16), C-reactive 
protein (CRP), Immunoglobulin E (IgE)); and one acute 
biomarker of lung and respiratory diseases (FeNO). Neu-
trophils and thrombocytes were analyzed in EDTA-treated 
blood, PTT was analyzed in citrate-treated plasma, and the 
remaining biomarkers were analyzed in serum.

We identified a reference range or cut-off point for nor-
mal values for each biomarker except for CC16, which is an 
experimental parameter with no reference range available. 
For biomarkers measured in blood or urine, reference ranges 
reflected 95% of the general population and were based on 
information from the manufacturer of the analytical assays 
and the analytical laboratory. The cut-off point for FeNO was 
based on existing literature (Dweik et al. 2011).
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In sensitivity analyses, we assessed a biomarker of 
chronic lung and respiratory diseases. Specifically, we col-
lected pre-shift measurements of  FEV1% and FVC%, and 
we calculated  FEV1%/FVC%, the percent predicted ratio of 
the Tiffeneau Index. The Tiffeneau Index  (FEV1/FVC) is the 
ratio of forced expiratory volume in the first second  (FEV1) 
to forced vital capacity (FVC) (Bhatt et al. 2019). The cut-off 
point for  FEV1%/FVC%, standardized using reference val-
ues for  FEV1 and FVC, is based on the GLI-2012 reference 
equations published by the ‘Global Lung Function Initiative’ 
(Cooper et al. 2017; Quanjer et al. 2012; Richter et al. 2008).

Data collection

For each participant, we based data collection on a single 
8-h shift between August 2017 and January 2019. We per-
formed medical examinations before and after the shift and 
collected personal samples of NO,  NO2 and EC-DPM during 
the shift (Fig. 1).

Participants completed a pre-shift survey which included 
questions about smoking status (current daily smoker, non-
smoker including occasional smoker (< 5 cigarettes per 
week), and former smoker). In pre- and post-shift medical 
examinations, each lasting 45 min, medical staff collected 
blood and urine samples and recorded blood pressure, age, 
height, and weight. Blood and urine samples were analyzed 
by an independent external medical laboratory. Lung func-
tion measurements were performed on-site using a ‘Vyntus’ 
body plethysmograph equipped with ‘SentrySuite™’ soft-
ware (Vyaire, Höchstadt, Germany), and fractional concen-
tration of exhaled nitric oxide (FeNO) was measured using 
a ‘Niox Vero’ device (Circassia, Bad Homburg, Germany). 
Quality control was performed by medical experts from the 
Institute for Prevention and Occupational Medicine of the 
German social accident Insurance, Institute of the Ruhr Uni-
versity Bochum (IPA).

Personal sampling for exposure to NO,  NO2 and EC-
DPM was conducted during participants’ 8-h shifts. Before 

entering their workplaces, the participants were equipped 
with a personal dust sampler (PGP and SIMPEDS-Cyclone 
type FSP2), connected to a sampling pump (GSA Mess-
gerätebau, type GSA SG 5100ex) and a ‘Dräger X-am® 
5600’ (Lübeck, Germany) personal gas monitor for continu-
ous measurements of NO and  NO2. Devices were attached 
and removed above ground and worn during the entire shift. 
Due to ambient conditions in the mines such as high tem-
peratures, devices were pretreated at 30 C and 45% relative 
humidity to reduce potential breakdowns. Sample pumps 
used for EC-DPM measurements were checked and moni-
tored according to DIN EN ISO 13137:2014–03; ‘X-am® 
5600’ devices were calibrated regularly via ‘X-dock 6600’ 
using special calibration gases (NO,  NO2,  N2) purchased 
from ‘Air Products’. While NO and  NO2 data were detected 
directly, EC-DPM was subsequently analyzed coulometri-
cally. These analyses and overall quality control were per-
formed by experts from the Institute for the Research on 
Hazardous Substances (IGF). 8-h average concentrations 
were derived for NO,  NO2 and EC-DPM for each participant.

Statistical methods

Statistical analyses were conducted using SAS 9.4 (RRID: 
SCR_008567; SAS Institute, Cary, NC). We checked the 
data for accuracy and completeness and excluded study 
participants with missing personal exposure data or bio-
marker measurements. Because most exposure and bio-
marker data were non-normally distributed, we used non-
parametric analyses or transformed continuous variables 
when necessary.

We defined a categorical exposure variable, where above-
ground facility workers, underground maintenance workers, 
and underground miners were classified as low (reference), 
medium, and high exposure groups, respectively. We com-
pared personal 8-h average concentrations of NO,  NO2 and 
EC-DPM among the exposure groups using non-parametric 
Wilcoxon rank sum tests.

Fig. 1  Scheme showing the study procedure each of the participants must pass through
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For each exposure group and measurement time (pre-
shift and post-shift), we estimated the median and inter-
quartile range (IQR) as well as the mean and the standard 
deviation (SD) of the effect biomarkers, and we calcu-
lated the percentage of study participants whose biomarker 
measurements were within the reference range. Within 
each exposure group, we also estimated the median and 
IQR of the biomarkers’ post- versus pre-shift differences. 
We evaluated the statistical significance of these differ-
ences within each exposure group using non-parametric 
signed rank tests, and we evaluated divergence in the 
differences across the three groups using non-paramet-
ric Wilcoxon rank sum tests. In a sensitivity analysis, 
we compared  FEV1%/FVC% pre-shift measurements 
among the three exposure groups stratified by duration of 
employment.

We created scatterplots to visualize the effects of personal 
exposure measurements on post- vs. pre-shift differences 
in the acute biomarkers and on pre-shift values of  FEV1%/
FVC%. We used linear regression analyses (with trans-
formed variables where required to meet linear regression 
assumptions) to corroborate the graphical findings.

In all analyses, we replaced biomarker measurements 
below the detection limit with one-half of the detection limit. 
Because this method can lead to an underestimation of the 
variance, we conducted sensitivity analyses using imputation 
methods (Lotz et al. 2013). In these sensitivity analyses, we 
treated values below the detection limit as left-censored with 
the detection limit as the maximum possible value and ana-
lyzed the data using tobit regression assuming log-normal 
distributions.

Results

The study included 1246 male employees (243 above-ground 
workers, 202 underground maintenance workers, and 801 
miners) who had worked for at least one year at one of the 
two salt and potash mining sites (Table 1). Underground 
workers who participated in the study represented 50% of 
the company’s total underground employees. Above-ground 
workers had a slightly longer duration of employment and 
were slightly older, on average, than underground mainte-
nance workers or miners (Table 1). Median body mass index 
values were similar among the three exposure groups, but 
the proportion of daily smokers was higher among miners, 
suggesting a potential confounding effect (Table 1).

Non-participants were similar to participants in terms 
of age and employment duration (Table S1 of the Supple-
mentary Information, SI). Data for non-participants were 
only available in the aggregate. Therefore, they could not 
be divided into exposure groups.

Exposure

As expected, above-ground workers had the lowest levels 
of 8-h mean NO and  NO2, and absolute EC-DPM while the 
highest levels were seen among miners (Table 2). Median 
values of NO and  NO2 did not exceed the respective OELs 
even among miners (NO: 1.16  ppm;  NO2: 0.31  ppm; 
Table  2); median values for EC-DPM exposures only 
exceeded the OEL in the mining group (EC-DPM: 0.06 mg/
m3).

Proportions of study participants with 8-h mean NO 
and  NO2, and absolute EC-DPM levels below the respec-
tive OELs were highest among above-ground workers and 
lowest among miners. Specifically, among above-ground 
workers 100% of 8-h mean  NO2 levels (Fig. 2A) and 95% 
of absolute EC-DPM levels (Fig. 2B) were below the OEL. 
Among underground maintenance workers, 93% of 8-h 
mean  NO2 levels (Fig. 2A) and 83% of absolute EC-DPM 
levels (Fig. 2B) were below the OEL. The proportions of 

Table 1  Characteristics of study participants (n = 1,246) by exposure 
group

Parameter Above-ground facility Underground

Reference Maintenance Mining

Number of study participants [N]
 Both sites 243 202 801
 Site A 99 100 484
 Site B 144 102 317

Age of study participants [years]
 Median (IQR) 40.0 (18.0) 40.0 (17.0) 37.0 (17.0)

Body mass index [kg/m3]
 Median (IQR) 28.4 (5.9) 27.2 (4.7) 27.3 (5.4)

Smoking behavior of study participants [Number (%)]
 Non-smoker 110 (45.3) 101 (50.3) 342 (43.0)
 Former smoker 63 (25.9) 45 (22.4) 177 (22.2)
 Current smoker 70 (28.8) 55 (27.4) 277 (34.8)

Duration of employment [years]
 Median (IQR) 14.4 (22.4) 12.7 (15.5) 11.9 (13.9)

Table 2  Median (IQR) values of exposure data for 8-h mean NO and 
 NO2 as well as absolute EC-DPM by exposure group

Parameter Above-ground facility Underground

Reference Maintenance Mining

NO exposure, 8 h mean (OEL: 2.0 ppm) [ppm]
 Median (IQR) 0.00 (0.00) 0.42 (0.55) 1.16 (1.12)

NO2 exposure, 8 h mean (OEL: 0.5 ppm) [ppm]
 Median (IQR) 0.00 (0.00) 0.11 (0.25) 0.31 (0.50)

EC-DPM exposure, absolute (OEL: 0.05 mg/m3) [mg/m3]
 Median (IQR) 0.01 (0.01) 0.03 (0.03) 0.06 (0.06)
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underground miners with mean  NO2 levels and absolute EC-
DPM levels below the OEL were 67% and 44%, respectively 
(Fig. 2A, B). Results for NO were similar to those for  NO2 
and are not shown.

Effect biomarkers across exposure groups

Pre-and post-shift measurements of the biomarkers were 
within the reference range for the majority of participants, 
regardless of exposure group (Table 3). Among cardiovas-
cular biomarkers, pre- and post-shift values were within the 
reference range for > 81% of PTT measurements, for > 93% 
of thrombocyte measurements, and for > 72% of systolic 
and diastolic blood pressure (SBP and DBP) measurements. 
Among biomarkers of inflammation and immune response, 
pre- and post-shift values were within the reference range 
for > 88% of neutrophil, IL-6, IL-8, and TNF-α measure-
ments, for > 80% of MPO and CRP measurements, and 
for > 68% of IgE measurements. No reference range was 
available for CC16. The proportion of FeNO measurements 
below the cut-off point, indicating the absence of inflamma-
tory events in the lung, exceeded 81%. Furthermore, > 98% 
of pre-shift and > 99% of post-shift measurements of 
 FEV1%/FVC% were within the normal physiological range.

Median differences between post- and pre-shift meas-
urements of cardiovascular biomarkers and biomarkers of 
inflammation and immune response tended to be small, and 
were zero for PTT, SBP and DBP and for IL-6, IL-8, and 
CRP in all three exposure groups (Table 4). Additional infor-
mation on mean values is given as background information 
in the supporting information (Table S3). For thrombocytes, 
post-shift measurements exceeded pre-shift values within 
each exposure group (all signed rank test p-values < 0.0001), 
but the differences were similar across the exposure groups 
(Wilcoxon rank sum test p-value > 0.2).

Similarly, for neutrophils, post-shift measurements were 
statistically significantly higher than pre-shift measure-
ments in all three exposure groups based on signed rank 
tests (p = 0.04 for above-ground workers, p = 0.0004 for 
maintenance workers, and p = 0.0002 for miners) but the 
differences were similar across the exposure groups. Post-
shift measurements were also higher than pre-shift meas-
urements for MPO (signed rank test p-values < 0.0001 for 
all three exposure groups) but pre-shift levels exceeded 
post-shift levels for TNF-α and IgE (all signed rank test 
p-values < 0.0001).

For CC16, pre-shift levels were lower than post-shift 
levels among above-ground and maintenance workers but 
not among miners; none of the differences were statistically 
significant at the 0.05 level. Post- vs. pre-shift differences 
did not depend statistically significantly on exposure group 
(Wilcoxon rank sum test p-values > 0.05).

Results for the respiratory biomarkers, stratified by smok-
ing, suggested that smoking status had a nominal effect 
(Table 4). For FeNO, pre-shift measurements exceeded 
post-shift measurements in all three exposure groups (signed 
rank test p-values < 0.0001) except for current smoker of 
the maintenance workers, but the differences did not 
depend on the exposure groups (Wilcoxon rank sum test 
p-value > 0.05). Pre-shift measurements of  FEV1%/FVC% 
were similar among the three exposure groups; this finding 
did not change when the analysis was stratified by dura-
tion of employment (results not shown). Results for  FEV1% 
and FVC% are presented in Table S2 of SI as background 
information.

Associations between personal exposure 
measurements and effect biomarkers

Associations between personal measurements of each of 
the three exposure variables (NO,  NO2 and EC-DPM) and 

Fig. 2  Proportion of study participants by 8-h mean exposure measurements of  NO2 (A) and absolute EC-DPM exposure (B), by work type
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all biomarkers did not indicate exposure-related health 
effects among underground workers. Because results for 
NO and  NO2 were nearly identical, only results for  NO2 
are shown.

Scatterplots showed consistently that biomarker values 
(post- vs. pre-shift differences for acute biomarkers and pre-
shift values for  FEV1%/FVC%) did not depend on exposure 
levels, even for exposure levels exceeding the OEL. p-values 
from linear regression analyses (with variables transformed 
when necessary to meet linear regression assumptions) cor-
roborated these findings. Three scatterplot exemplars are 
shown in Fig. 3 and in Fig. S1 of SI).

Thrombocytes were the only cardiovascular biomarker 
that differed post- vs. pre-shift, and differences in throm-
bocytes were therefore most likely to depend on exposure. 
However, post- vs. pre-shift differences clustered sym-
metrically around approximately 7 /nl for all three exposure 
groups, with most differences ranging from about −50 /nl to 
about + 75 /nl. The ranges of the differences decreased with 
increasing  NO2 (Fig. 3A) and EC-DPM exposure (Fig. S1A 
of SI), but no consistent increase or decrease in the differ-
ences was observed even for exposure levels exceeding the 
OEL. All linear regression p-values were highly non-signif-
icant (results not shown).

Table 3  Percentage of study participants with pre- and post-shift biomarker measurements below, within and above the reference range (RR) and 
above or below the cut-off point, by exposure group

Group of biomarkers Biomarkers Above-ground 
facility

Underground Reference range (RR) /
cut-off point

Reference
[%]

Maintenance
[%]

Mining
[%]

Pre shift Post shift Pre shift Post shift Pre shift Post shift

Cardiovascular biomarkers PTT  < RR 0.9 0.9 2.0 2.5 2.0 1.5 26–36 s
 = RR 81.4 84.8 84.2 83.3 82.5 82.7
 > RR 17.8 14.4 13.8 14.2 15.5 15.8

Thrombocytes  < RR 3.4 2.9 4.2 1.5 3.1 3.1 150–361 1/nl
 = RR 95.8 95.4 93.8 96.9 96.1 96.3
 > RR 0.9 1.7 2.1 1.5 0.9 0.6

SBP  < RR 1.2 0.4 2.0 1.0 1.5 0.4 105–139 mmHg
 = RR 79.4 74.9 76.7 74.8 73.7 74.0
 > RR 19.4 24.7 21.3 24.3 24.8 25.7

DBP  < RR 1.6 1.6 1.5 0.5 1.4 1.6 65–89 mmHg
 = RR 72.4 77.0 81.2 78.7 73.2 73.6
 > RR 25.9 21.4 17.3 20.8 25.5 24.8

Biomarkers of inflam-
mation and immune 
response

Neutrophils  < RR 11.2 8.9 11.5 4.6 9.2 4.5 42.0–76.0%
 = RR 88.8 91.1 88.5 96.4 90.8 95.5

IL-6  = RR 96.6 97.9 97.5 97.5 97.7 97.5 0.0–7.0 pg/ml
 > RR 3.4 2.1 2.5 2.5 2.3 2.5

IL-8  = RR 100.0 100.0 100.0 100.0 100.0 100.0 0.0–62.0 pg/ml
 > RR 0.0 0.0 0.0 0.0 0.0 0.0

TNF-α  = RR 88.7 91.7 87.8 91.0 88.1 90.9 0.0–8.1 pg/ml
 > RR 11.3 8.3 12.2 9.05 11.9 9.1

MPO  = RR 90.3 90.4 88.3 80.0 86.5 83.8 0.0–400.0 ng/ml
 > RR 9.7 9.6 11.7 20.1 13.5 16.2

CC16  = RR NA NA NA NA NA NA NA
CRP  = RR 88.4 88.4 91.0 91.5 91.1 90.1 0.0–5.0 mg/ml

 > RR 11.6 11.6 9.1 8.5 8.9 10.0
IgE  = RR 72.3 72.7 70.9 70.4 68.9 70.0 0.0–100.0 IU/ml

 > RR 27.7 27.3 29.2 29.7 31.1 30.0
Respiratory biomarkers FeNO  < cut-off 86.8 90.5 81.6 84.5 88.1 89.2  < 25.0 ppb

 > cut-off 13.2 9.5 18.4 15.5 11.9 10.8
FEV1%/FVC%  < cut-off 1.3 0.8 0.0 0.0 0.4 0.6  > 70%

 > cut-off 98.7 99.2 100.0 100.0 99.6 99.4
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IL-8 served as an example of a biomarker with a median 
post- vs. pre-shift difference of zero. When plotted against 
EC-DPM (Fig. 3B) and  NO2 (Fig. S1B of SI), the range of 
post- vs. pre-shift differences was large for low exposure 
levels but decreased with increasing exposures. No consist-
ent increase or decrease in the post- vs. pre-shift differences 
was observed in any of the three exposure groups even for 
exposure levels exceeding the OEL, and all linear regression 
p-values were highly non-significant (results not shown).

FEV1%/FVC% pre-shift values did not depend on  NO2 
(Fig. 3C) or EC-DPM (Fig. S1C of SI), even for exposure 
levels exceeding the OEL. Linear regression p-values were 
highly non-significant except among former smokers in the 
mining group (results not shown).

Discussion

In 2016, the OELs for  NOX were significantly reduced to 
0.5 ppm  (NO2) and 2.0 ppm (NO) by the German regulatory 
authorities. For diesel particulate matter, measured as ele-
mental carbon (EC-DPM), a new OEL was set to 50 µg/m3 in 
2017 (Ausschuss für Gefahrstoffe 2021). The aim of the pre-
sent study was to evaluate associations between workplace 
exposures and acute biomarkers of cardiovascular diseases, 
inflammation and immunological responses, and respiratory 
diseases among underground workers of a German salt and 
potash mining company. As a conservative approach, we 
assumed that underground workers were exposed to current 
levels of exhaust fumes of machines and vehicles and to 

blasting fumes even after initiation of a transitional action 
plan to reduce exposures.

We compared post- and pre-shift measurements of acute 
effect biomarkers among 801 miners, 202 underground 
maintenance workers, and 243 workers from above-ground 
facilities. We also investigated associations between these 
post- versus pre-shift differences and personal NO,  NO2 
and EC-DPM exposures measured during the shift. Most 
biomarker measurements were within their respective refer-
ence ranges, even among miners. While we observed statisti-
cally significant post- versus pre-shift differences for some 
biomarkers, the differences did not depend on the exposure 
group. This was the case even though about one-third of 
miners were exposed to  NO2 above the current OEL in Ger-
many (0.5 ppm) and two-thirds were exposed to EC-DPM 
above the OEL of 0.05 mg/m3 while few of the maintenance 
and above-ground workers exceeded these values.

In 1995 and 1997, cross-sectional studies were conducted 
in the same mining company (Lotz et al. 2008). In a follow-
up study in 2000, three-quarters of the employees in one 
location and two-thirds of the employees in the other loca-
tion were reexamined. Even though an overall decrease in 
 FEV1 was observed in both locations, symptoms of chronic 
bronchitis were diagnosed among miners in one location. 
Several other studies have reported increased respiratory 
symptoms and reduced lung function among underground 
salt and potash miners (Lotz et al. 1998, 2006, 2008). In 
addition, studies of underground railway workers have 
shown measurable changes in a variety of biomarkers fol-
lowing airborne particulate matter exposure (Loxham and 
Nieuwenhuijsen 2019). Results from these studies may 

Fig. 3  Post- vs. pre-shift differences of thrombocyte levels by 8-h mean exposure of  NO2 (A), of Interleukin 8 levels by absolute EC-DPM expo-
sure (B) and pre-shift values of  FEV1%/FVC% by 8-h mean exposure of  NO2 (C) for miners, maintenance workers, and reference group workers
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be informative but data were unavailable and direct com-
parisons with the findings reported here were not possible. 
Modest changes occurring within normal reference ranges 
may have little clinical short- or long-term significance. 
Furthermore, reliable investigations of specific associations 
between exposures and health effects were impossible due to 
strong correlations among workplace exposures (Lotz 2006). 
Most importantly, because underground exposures in salt 
and potash mines decreased by more than 50% over the last 
25 years (from 0.93 ± 0.48 ppm  NO2 and 0.15 ± 0.06 mg/
m3 EC-DPM (Lotz et al. 2008) to 0.31 ± 0.50 ppm  NO2 
and 0.06 ± 0.06 mg/m3 EC-DPM (Table 2)), health effects 
reported in earlier studies may reflect historical exposures.

Biomarkers of effect and exposure–response 
association

Cardiovascular biomarkers

Thrombogenicity represents a major mechanism of cardio-
vascular disease, both at the central (myocardial infarction) 
and peripheral level (e.g., stroke). In studies of air pollution, 
platelet counts have been used as a biomarker of thrombo-
genicity. Partial thromboplastin time can provide useful 
information on whether exposure is associated with altera-
tions in the coagulation process (Poursafa and Kelishadi 
2010). There is a known circadian influence in the coagula-
tion system (Budkowska et al. 2019), which might be rele-
vant for workers from the morning shift. In the present study, 
the majority of pre- and post-shift PTT levels were within 
the reference range and post- versus pre-shift differences in 
PTT levels were not statistically significant in any exposure 
group. Furthermore, there was no evidence of an associa-
tion between PTT and personal exposure measurements. 
There was some evidence of slightly higher thrombocyte 
levels post-shift than pre-shift, but the increase was inversely 
related to personal  NO2 and EC-DPM measurements which 
negated the possibility of an exposure-related inflammatory 
reaction. Instead, the increased post-shift values might have 
resulted from the physical activity of work (Dawson and 
Ogston 1969). We observed no change in median systolic 
or diastolic blood pressure after the working shift in any 
exposure group.

Biomarkers of inflammation and immune response

A large number of biomarkers of inflammation and immuno-
logical response have been used in studies of air pollution, 
and specifically in studies of diesel exhaust. Those measured 
often include CRP, IL-6, IL-4, TNF-α, and MPO in serum 
(Hennig et al. 2014; Riedl et al. 2012; Rückerl et al. 2014). 
In addition, IgE levels in sputum have been measured in 
individuals exposed to diesel exhaust (Riedl et al. 2012). 

Previous studies of underground salt and potash workers 
also included measurements of the inflammatory serologi-
cal marker CC16 (Lotz et al. 1998).

In the present study, we found no consistent evidence that 
the studied exposures affected CRP, IL-8, TNF-α, IgE, neu-
trophils, MPO, or CC16. Specifically, there was no evidence 
that any differences between post- and pre-shift measure-
ments depended on exposure group or personal exposure 
measurements. Previous findings of increased CRP levels 
among miners (Sproston and Ashworth 2018) could not be 
confirmed.

Neutrophil count is used as a marker of thrombogenicity 
in clinical practice and in air pollution studies, specifically 
studies investigating diesel exhaust, (Epstein et al. 2013; 
Steenhof et al. 2014) and it can be used to assess associa-
tions between exposures and changes in the coagulation 
process. In the present study, we found some evidence of 
increased post-shift neutrophil levels in all three exposure 
groups. However, neutrophil levels generally were within the 
normal physiological range and, contrary to expectations, 
post- versus pre-shift differences were lower among miners 
than among maintenance workers but comparable among 
miners and above-ground workers.

Changes in MPO could indicate inflammatory reactions 
(Schulz et al. 2018). However, we found no evidence of an 
association between post- versus pre-shift differences in 
MPO and exposure group or personal exposure measure-
ments. This finding was expected because MPO is mostly 
expressed in neutrophils, which did not depend on exposure.

Respiratory biomarkers

FeNO, a marker of respiratory inflammation or disease 
(Dweik et al. 2011), has been increasingly used in air pollu-
tion studies (Berhane et al. 2014). Contrary to expectations, 
we observed lower levels of exhaled FeNO in post- than in 
pre-shift measurements across all exposure groups. No asso-
ciations between post- versus pre-shift differences in FeNO 
and exposure group or personal exposure measurements 
were evident. Although smoking can affect lung function 
and therefore, FeNO levels (Torre et al. 2008), stratifica-
tion by smoking did not meaningfully change the results. 
Except among former smokers in the maintenance group, 
FeNO measurements were consistently below the normal 
cut-off point.

Changes in lung function may depend on long-term 
exposure, and we used  FEV1%/FVC% in a sensitivity anal-
ysis to explore long-term effects. We found no evidence 
that  FEV1%/FVC% measurements depended on exposure 
group or personal exposure measurements. As expected, 
in all three exposure groups,  FEV1%/FVC% values were 
lower among current smokers than among non-smokers; 
 FEV1%/FVC% values were lower among former smokers 
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than among non-smokers among maintenance workers and 
miners. However, even among current and former smokers, 
 FEV1%/FVC% values were above the normal cut-off point. 
Stratification by duration of employment did not change 
these conclusions.

Strengths and limitations

The present study has several strengths. Based on the sam-
ple size calculations in our feasibility study, the study had 
adequate statistical power. Further, we selected sensitive 
biomarkers of acute effects and measured these biomarkers 
pre- and post-shift for each study participant as part of a 
full medical examination. This allowed for the identification 
of factors that might have changed during the shift and the 
evaluation of a possible relationship between these changes 
and individual exposures. In measures of body plethysmog-
raphy, participants served as their own within-subject con-
trol, reducing the potential for confounding due to individual 
characteristics. Information on potential risk factors such 
as cigarette smoking, and obesity was available and effect 
modification could be evaluated. Potential selection bias was 
unlikely due to the high participation rate; one site even had 
more than 90% participation. This site had higher exposure 
levels compared to the second site, but no differences in 
effects between the sites were detected. Potential selection 
bias was not apparent based on comparisons of participants 
and non-participants both having similar age and employ-
ment information. Finally, due to the high number of par-
ticipants predetermined by the sample size calculations in 
the feasibility study, there was adequate statistical power.

Limitations of the present study include the single-day 
cross-sectional design, which restricted the study’s ability to 
detect changes in biomarkers due to long-term exposure and 
which may have led to exposure misclassification if expo-
sures on the study day were not representative of custom-
ary exposure levels. Furthermore, it is possible that factors 
other than workplace exposures (e.g., diet, medications, co-
existing health problems, etc.) could have influenced the bio-
marker levels. However, it is unlikely that factors occurring 
in some individuals would have concealed a true association 
across the study population. Further, failure to adjust for 
confounding is most likely to hide a true association if the 
confounder is positively associated with the exposure and 
inversely associated with the outcome or vice versa, which 
was unlikely to be the case here.

Conclusion

The aim of the present study was to determine whether 
exposures to current levels of NO,  NO2 and EC-DPM 
are associated with sensitive indicators of acute health 

effects. While none of the above-ground workers exceeded 
the OEL for  NO2 and only 5% exceeded the OEL for EC-
DPM exposure, underground workers often exceeded the 
OEL for  NO2 and EC-DPM. Hence, 33% of miners and 
7% underground maintenance workers exceeded the OEL 
for  NO2; the OEL for EC-DPM was exceeded by 56% of 
miners and 17% of maintenance workers.

We investigated cardiovascular and respiratory bio-
markers as well as biomarkers of inflammation and 
immune response. For some biomarkers (thrombocytes, 
neutrophils, MPO, TNF-α, IgE, and FeNO), we observed 
statistically significant differences between pre- and post-
shift measurements. However, we did not find any consist-
ent associations between exposure group or individually 
measured exposure levels and effect biomarkers, even 
when exposures exceeded the German OEL. Our results 
did not provide evidence that workers in salt and potash 
mining in Germany are likely to experience measur-
able acute health hazards at current levels of workplace 
exposure.

Supplementary Information The online version contains supplemen-
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