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Function and Chronic Inflammation
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Objective: The aim of the study was to assess the effect of exposure to
copper-containing dust on lung function and inflammatory endpoints among
workers of a German copper plant, effects rarely studied before. Methods:
One hundred four copper-exposed smelter workers and 70 referent workers
from the precious metal and lead facilities were included, with different metal
exposures in both groups due to the different process materials. Body plethys-
mography, exhaled nitric oxide (FeNO) measurements, and blood sampling
were conducted in allworkers. Smoking status and the use of respiratory protec-
tive equipment were considered. In a subgroup of 40 nonsmoking volunteers
(28 copper-exposed and 12 referents), sputumbiomarkerswere assessed.Results:
Median lung function values of both copper-exposed and the referent groupswere
within reference ranges of “healthy” individuals, and statistical differences be-
tween the groupsweremostly not evident. Similarly, differences in blood and spu-
tum biomarkers were too small to be biologically relevant.Conclusion:The results
suggest the absence of the detectable effects of copper-containing dust exposure
on lung function or chronic inflammation within the investigated cohort.

Keywords: copper, cross-sectional study, induced sputum, inflammation, lung
function, occupational exposures

Copper and its alloys possess unique conductive characteristics and
are therefore produced and used on a large scale in the production

of various electrical devices such as wire, cables, transformers, and
generators.1–3 Owing to the large-scale production and use of copper,
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occupational exposure to copper-containing dusts and fumes may oc-
cur during the mining, smelting, and refining of copper-containing
ores as well as possible downstream uses of copper. Although copper
is an essential element for human health,4 the reactivity of its ions
means that excess exposure could result in oxidative stress, inflamma-
tion, and potential disease.1 A limited number of animal studies have
demonstrated local effects of high doses of copper on the respiratory
tract, including immune suppression and alterations of the immune
function. Those findings were one of the rationales for the European
Commission's (EC's) Scientific Committee on Occupational Exposure
Limits (SCOEL) to recommend an occupational exposure limit for cop-
per and its inorganic compounds of 0.01 mg/m3 (8-hour time-weighted
average, respirable fraction) in 2014.1 The second pillar of this recom-
mendation was a study reported by Gleason5 in 1968. Mild symptoms
suggesting metal fume fever, an acute self-limiting systemic inflamma-
tory response to metal fume,6 were observed among three male workers
exposed to copper-containing dust levels of 0.120 mg/m3 after lapping
of copper plates.5 The German Senate Commission for the investigation
of Health Hazards of Chemical Compounds (MAK) derived a similar
value to the SCOEL level in 2013, based on the same endpoints.3

In general, inhalation of a variety of compounds, especially par-
ticulates, is a critical pathway for the development of perturbation of
lung function and, possibly, several occupational diseases. For exam-
ple, long-term occupational exposure to such substances can lead to
chronic inflammation of the lung and, subsequently, obstructive or re-
strictive impairment of lung function. Interestingly, there is little pub-
lished or reported evidence in the occupational health literature of
copper-related exposure leading to adverse health effects, which is
noteworthy in the light of the long and extensive industrial uses of cop-
per.7 A recent historical health surveillance study published by some
of the authors addressed cumulative exposure to copper-containing
dust among smelter workers. At an average of 4.61 mg/m3-years of
inhalable copper dust over an average of ~22 years of employment,
no adverse effects on lung function measured as the decline in the
forced expiratory volume per 1 second (FEV1) were found.

8 The pro-
cess of copper smelting involves the enrichment and refinement of
copper from a concentrated ore to a high-purity commercial product.
The copper smelter at the study facility has been in operation since
1972, and today, approximately 200 employees work in three shifts
per day throughout the year. At the facility, copper concentrates with
a copper content of 30% are used in the production of copper anodes
(99.5% Cu) by stepwise refinement. All stages of the process are lo-
cated in the same large hall.8

The present study investigates a cross section ofworkers employed
at the same copper plant (Aurubis in Hamburg, Germany), who under-
went a series of examinations in 2019. The study cohort included a
group of workers occupationally exposed to copper-containing dust
in a copper smelter as well as a comparative referent group not ex-
posed to copper, but exposed to similar conditions (eg, physical exer-
tion, heat) and mixed dust exposures.

Spirometry metrics, including FEV1 and forced vital capacity
(FVC), are traditionally used as indices of chronic lung function impair-
ment3,9,10 and have been described as the criterion standard in
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evaluating lung function.11 However, whole-body plethysmography pro-
vides additional information on early obstructive or restrictive impair-
ments, which might not be expressed as clinically measurable alterations
in FEV1 or FVC.

11,12 In the current study, emphasis was placed on FEV1,
FVC, transfer factor (or diffusion capacity) of the lung for carbon
monoxide (DLCO or TLCO), airway resistance (Rtot), and expiratory
flow volumes, as these represent some of the most sensitive and
commonly reported spirometric and plethysmographic parameters.

Airway resistance represents the ratio of the driving pressure to
the rate of airflow. An increased value of Rtot may indicate airway ob-
struction, especially when observed together with a decrease in the
Tiffeneau-Pinelli index (FEV1/FVC ratio).11,13 DLCO or TLCO is a
measure of the gas transfer through the alveolar lung tissue and may
be influenced by lung vasculature and other factors. A reduced value,
however, may indicate a range of conditions such as emphysema or
pulmonary fibrosis.14–16 Expiratory flow volume was reported as max-
imum expiratory flow at a volume of 25% (MEF25), 50% (MEF50), and
75% (MEF75) of the FVC.

17 It is worth noting that MEF25, MEF50, and
MEF75 are complementarily related to the forced expiratory flow
(FEF) at exhaled percentages of 25% (FEF25), 50% (FEF50), and
75% (FEF75), respectively.

18 Peak expiratory flow (PEF) values were
also assessed.

In addition to direct measures of respiratory impairment, sam-
pling of inflammatory biomarkers from blood and sputum, as well
as measurement of exhaled nitric oxide (FeNO), was conducted. This
was because occupational inhalation exposure to particles or gases can
trigger inflammation within the airways, and chronic inflammation is
a key driver of respiratory disease.19 Biomarkers of inflammatory and
immunological response have been used widely in studies investigating
the effects of occupational exposure to inorganic dusts, many focusing
on markers associated with chronic obstructive pulmonary disease.19

As such, to determine if airway inflammationwas present in workers oc-
cupationally exposed to copper-containing smelter dusts (including ar-
senic and sulfur dioxide), analysis of a range of inflammatory biomark-
ers was measured in sputum. In addition, FeNO was chosen as an indi-
rect, noninvasive marker for atopy-associated airway inflammation.20

The primary study objective was to determine whether differ-
ences in effects on lung function and biomarkers of inflammation
could be detected between workers exposed to copper-containing
smelter dusts and a referent group of workers at the same site whose
smelter-dust exposure did not contain significant amounts of copper.
For both endpoints (lung function and inflammation), the influence
of possible confounders, such as age, smoking status, and anthropo-
metric data (ie, height and weight), was considered. Further, usage
of respiratory protective equipment (RPE) was examined. Copper
was measured in serum to assess possible elevation in body copper
levels, which may result in toxicity.

METHODS

Study Population
The study cohort consisted of 104 copper smelter workers

(copper-exposed group) and 70 workers from the precious metal and
lead facility (referent group), all males, employed during the study pe-
riod of January through July 2019. Except for five subjects, the inves-
tigated workers were also part of the previous historical cohort study.8

All workers who volunteered to participate in the study were included,
which resulted in a participation rate of approximately 55% for the
copper smelter workers and approximately 50% for the precious metal
and lead facility workers. The copper smelter and the precious metal
and lead facility are part of the same plant but are located in separate
buildings (the precious metal and lead facility being divided into two
separated working areas) and use different ores, resulting in differ-
ences in metal dust exposures. Because the nature of the work in terms
of physical demands was similar for both study groups, comparable
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the A
sociodemographic and geographical conditions were assumed and
verified. Process conditions in both facilities and copper dust exposure
levels in the smelter between 1982 and 2018 were described previ-
ously.8 The inhalable copper dust exposure level during the study pe-
riod was approximately 0.120 mg/m3 (based on n = 12 measurements
in 2018) and similar to earlier years.8

Participants employed at the copper smelter (ie, copper-exposed
study subjects) were categorized into constant RPE users, occasional
RPE users, and never RPE users. Respiratory protective equipment
use (full-face mask with air supply) became mandatory in the copper
facility on February 1, 2019, to provide greater protection from expo-
sure to arsenic and cadmium. Therefore, all smelter workers whowere
examined on or after February 1, 2019 (44 of 104 study subjects),
were constant RPE users. For smelter workers whowere examined be-
fore that date, information on RPE usagewas collected as part of a sur-
vey questionnaire. In total, 66 smelter workers were constant RPE
users on their examination day, whereas the remaining 36 workers
were never or occasional users. For two copper-exposed subjects, data
on RPE usage were not available.

Referent subjects working in the precious metal area were con-
sidered unexposed to copper and other compounds because silver was
the main material (98%) processed. Levels of inorganic silver com-
pounds were known to be below the maximum allowed concentrations
according to the German TRGS900 (0.01mg/m3).21 Referent subjects
working in the lead area were consistent RPE users because RPE use
had been mandatory since 2003. Therefore, all 70 referent subjects
were classified as unexposed or as constant RPE users.
Medical Examination
On the examination day during the regular work shift (ie, be-

tween 8:00 AM and 2:00 PM), trained personnel from themedical depart-
ment of the copper plant used a standardized questionnaire to assess de-
mographic parameters, tobacco consumption, and RPE usage. Basic in-
formation about current and past illness of the respiratory organs (nose,
throat, bronchi, and lungs) was also obtained. Blood samples were col-
lected, and whole-body plethysmography and FeNO measurements
were performed. Given the focus on chronic lung disease, biomarkers
more specific to acute effects, such as asthma attacks, were not included.

Participants were asked about their current and former smoking
status and the number of cigarettes smoked per day (CPD and categorized
into current, former, and never smokers). The self-reported information
was compared with information about tobacco consumption recorded in
the medical files. If the survey-based smoking status differed from the in-
formation in themedical files, themost conservative categorywas chosen.
For example, if a participant reported being a never smoker but tobacco
consumption was recorded in the medical file, the person was classified
as a former smoker. All participants who provided sputum samples were
never smokers or former smokers with <5 pack-years.

Body Plethysmography and FeNO
Lung function parameters were measured using the plethysmo-

graph PowerCube Body (Ganshorn Medizin Electronic, Niederlauer,
Germany) according to the criteria of the Deutsche Atemwegsliga.18

Predicted values were calculated using an equation derived by the
Global Lung Function Initiative (GLI-2012, GLI-2017) that takes into
account height, age, and ethnicity of the subject.20,22 For Rtot, PEF, and
MEF25, MEF50, and MEF75, the predicted values were based on the
reference equations derived by the European Community for Steel
and Coal in 1993 (EGKS values), which were incorporated into the
plethysmograph's software.23 Although GLI values are preferred for
the evaluation of spirometry data, equations for those variables are
not available yet.24 The FeNO value was recorded after 10 seconds
of exhalation using the Vivatmo pro device (Bosch Healthcare Solu-
tions, Waiblingen, Germany) according to the instructions provided
by the manufacturer.
merican College of Occupational and Environmental Medicine. e551



TABLE 1. Definitions for the Classification of Restrictive and
Obstructive Patterns

Disorder Pattern Def. Def. No.
Source
of Def.

Restrictive FEV1/FVC > LLN and FVC < LLN 1 26,27

FEV1/FVC ≥ LLN and FVC < 80% 2 28

Obstructive FEV1/FVC < 70% 3 9,29

FEV1/FVC < LLN 4 27

FEV1/FVC < LLN and FVC > LLN
and FEV1 < LLN

5 26

FEV1/VC < 70% and Rtot > 0.3 6 13

Def., definition derived from literature; FEV1, forced expiratory volume in 1 second;
FVC, forced vital capacity; LLN, lower limit of normal; VC, vital capacity.
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Blood Sampling
One 4-mL EDTAMonovette, one 4-mL whole blood tube, one

9.6-mL serum Monovette, and one 5-mL EDTA Monovette were col-
lected. The whole blood and 4-mL EDTA sample were directly sent to
a contract laboratory to determine the differential blood count and cop-
per serum levels. The remaining serum sample was left for 30 to
60 minutes for coagulation, centrifuged (2000 � g for 10 minutes at
room temperature), and aliquoted. The 5-mL EDTA Monovette was
immediately stored on ice and was centrifuged (1500 � g for 10 minutes
at 4°C) within 45 minutes and aliquoted. All aliquots were stored at
−20°C for a maximum of 2 weeks and subsequently stored at −80°C
until analysis. The inflammatory biomarkers myeloperoxidase
(MPO), eosinophilic cationic protein (ECP), club cell protein
(CC16), serum amyloid A protein (SAA), neutrophil elastase (NE),
E-selectin (ESel), C-reactive protein (CRP) were analyzed via
enzyme-linked immunosorbent assay; interleukin 6 (IL-6), IL-8, tu-
mor necrosis factor α, monocyte-chemotactic protein (MCP), and in-
tercellular adhesion molecule-1 (ICAM1) were determined using an
ECL multiarray technology (Meso Scale Discovery, Rockville, MD).
Assay details are provided in Supplementary Table 1, http://links.
lww.com/JOM/B100. Atomic absorption spectrometry was used after
digestion of the material to assess the copper concentration in serum.

Sputum Analysis
All sputum inductions were performed after March 7, 2019,

when RPE equipment was already mandatory. Sputum samples were
obtained from a subgroup of 40 nonsmoking volunteers (28 from the
copper-exposed group and 12 from the referent group) by experts from
the Fraunhofer Institute for Toxicology and Experimental Medicine,
Hanover, Germany. The sputum samples were collected between March
and July 2019 from two to four volunteers per day either before the
start or following a regular work shift between 10:00 AM and 2:00 PM.

Sputum induction and analysis were performed as described by
Janssen and colleagues25 in 2013. Briefly, all workers inhaled 200 μg
salbutamol followed by increasing concentrations of nebulized hypertonic
saline (OMRON NE-U17; OMRONMedizintechnik Handelsgesellschaft,
Mannheim, Germany) at 3%, 4%, and 5% for 10 minutes each. Every
5 minutes, the FEV1 was checked, and the subjects tried to cough up
sputum. Sputum “plugs” were immediately selected from saliva by
microscopic examination to ensure good separation from squamous
cells and processed in the Aurubis site. Total cell number and cell vi-
ability were determined with a Neubauer hemocytometer. Sputum su-
pernatant was frozen at −20°C for a maximum of 14 days before ship-
ment to Hannover and storage at −80°C until analysis. Cytospots were
prepared (Cytospin; Shandon, Pittsburgh, PA) and stained with
Diff-Quik (Medion Diagnostics, Düdingen, Switzerland). Differential
cell counts were performed by two experienced, independent ob-
servers from 400 nonsquamous cells, and the results were averaged.
Cytokines and inflammatory mediators were analyzed as described
previously for serum samples.
Data Analysis

Lung Function
The data for most lung function parameters were nonnormally

distributed. Therefore, differences between copper-exposed and referent
subjects, stratified by smoking status, were assessed via the nonpara-
metric Wilcoxon rank sum test. P < 0.05 indicates a statistically signif-
icant effect. The prevalence of obstructive and restrictive patterns in lung
function was estimated among copper-exposed and referent subjects for
different definitions published in the literature (Table 1).

Because the spirometry and body plethysmography parameters
reflect chronic effects and are unlikely to have been affected by expo-
sure on the examination date, analyses of lung function were not strat-
ified by RPE usage.
e552 © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on
Inflammatory Biomarkers
Data for most inflammatory biomarkers were nonnormally dis-

tributed, and differences between copper-exposed and referent subjects,
stratified by smoking status, were assessed via the nonparametric
Wilcoxon rank sum test. P < 0.05 indicates a statistically significant
effect. Potential correlations between each biomarker and differential
cell counts in blood and sputum were explored using nonparametric
Spearman correlation coefficients. For blood biomarkers, copper-exposed
subjects were stratified into constant RPE users and never/occasional
users of RPE in sensitivity analyses. Furthermore, Wilcoxon rank sum
tests were performed to assess the influence of smoking status, work-
place (copper-exposed, referent group), and RPE usage on the blood
cell and biomarker levels.

RESULTS

Study Population
Approximately half of the currently employed worker force

volunteered to participate in the study, resulting in a study population
of 174 workers. Nonparticipating copper smelter workers had a 5-year
higher median age and a 1-year longer median employment duration,
whereas nonparticipants working in the precious metal and lead facil-
ity had a 7-year higher median age and a 7-year longer median em-
ployment duration, compared with the participating groups. Length
of exposure was equally high among copper-exposed participants
and nonparticipants.

Demographic and Anthropometric Data
Age at hire was comparable between the copper-exposed and

referent subjects, with medians of 25 and 27 years, respectively (Table 2).
However, the median age at examination was 6.5 years higher among
the copper-exposed subjects, and the median employment duration,
defined as time between the date of hire and the examination date,
was approximately 9 years longer for the copper-exposed than the refer-
ent subjects. The median height was similar in the two groups; however,
the median body mass index was higher among the copper-exposed
workers (Table 2).

Tobacco Consumption
The proportion of current smokers was approximately 7.5 per-

centage points higher among referent than among copper-exposed
subjects, whereas former and never smokers were more common
among the copper-exposed workers (Table 3). Current and former
smokers in the copper-exposed group smoked more cigarettes per
day than current and former smokers in the referent group. There
were three copper-exposed subjects whose smoking history was
not recorded in the medical files and who also did not answer the
smoking-related questions in the survey. The three smoking strata
behalf of the American College of Occupational and Environmental Medicine.
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TABLE 3. Descriptive Statistics of Smoking Status and CPD of
the Copper-Exposed and Referent Groups

Copper Exposed Referent

n (%) n (%)

Smoking category Current smoker 37 (36.6) 31 (44.3)
Former smoker 38 (37.6) 24 (34.3)
Never smoker 26 (25.7) 15 (21.4)

n Median IQR n Median IQR

CPD Current smoker 34 20.0 8.0 30 15.0 10.0
Former smoker 32 16.0 14.0 15 15.0 14.0

Abbr.: CPD = cigarettes smoked per day; IQR = interquartile range.

TABLE 2. Descriptive Statistics of Demographic and
Anthropometric Data of the Exposed and Referent Groups

Copper Exposed Referent

n = 104 n = 70

Median IQR Median IQR

Age at hire, y 24.9 11.9 27.0 14.7
Age at examination, y 43.0 16.5 36.5 19.0
Employment duration, y 18.5 18.7 9.6 13.4
Weight, kg 93.0 19.0 84.0 15.0
Height, cm 179.0 9.5 178.0 6.0
BMI, kg/m2 28.7 4.2 26.6 4.0

BMI, body mass index; IQR, interquartile range.
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showed differences in hematological parameters. Smoking statistically
significantly increased the blood levels of leukocytes, neutrophils, and
immunoglobulin E and statistically significantly decreased the percentage
of blood monocytes. Statistically significantly increases in the blood
concentrations of ICAM1 and MPO and a statistically significant de-
cline in blood CC16 were observed as well. These differences were
also observed when only referent workers were included in the analy-
sis; however, statistical significance was not always reached, most
likely because of the lower numbers of subjects.

Lung Function
Box-and-whisker plots showed that FEV1/FVC (Fig. 1A), Rtot

(Fig. 1B), DLCO or TLCO (percentage of the predicted value for healthy
nonsmokers [%pred]) (Fig. 1C), and PEF (Fig. 1D) were distributed
similarly among referent and copper-exposed subjects. Wilcoxon rank
sum tests showed that FEV1, FVC, and FEV1/FVC (absolute and %
pred values) were not statistically significantly different between the
copper-exposed and referent groups, even after stratification by
smoking status. This was also the case for Rtot and for absolute and
%pred values of MEF25, MEF50, and MEF75. Absolute and %pred
values of PEF were statistically significantly higher for copper-exposed
than referent subjects only among never smokers.

Restrictive patterns were observed in more than 10% of
copper-exposed subjects but in fewer than 9% of referent subjects
based on either definition (Table 4). Obstructive patterns were more
common among referent subjects or similar among copper-exposed
and referent subjects, depending on the definition used. However,
the prevalence of obstructive patterns among referent subjects did
not exceed 7.1% based on any of the four definitions.

Additional data on lung function are reported in Supplementary
Table 2, http://links.lww.com/JOM/B101.

Inflammatory Parameters

Blood Biomarkers
Differences in blood cell counts, blood biomarkers, and copper

levels in serum between copper-exposed and referent subjects, stratified
by smoking status, are provided in Supplementary Table 3, http://links.
lww.com/JOM/B102. Supplementary Table 4, http://links.lww.com/
JOM/B103, provides the respective data for the impact of RPE usage.

Statistically significantly higher values were observed for IL-6,
lymphocyte cell counts, and NE among copper-exposed never smokers
and for SAA andNE among copper-exposed former smokers compared
with the respective referent subjects. Blood neutrophil percentages,
monocyte cell counts, ICAM1 (among current smoker), and CRP,
IL-6, leukocytes, and neutrophil cell counts (among current and for-
mer smoker) were statistically significantly higher among non–RPE-
wearing subjects of the copper smelter compared with RPE wearing
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the A
subjects of the copper smelter and the referent group. Overall, there
was no difference in the level of Cu in serum between groups; however,
Cu levels in serum were statistically significantly higher among for-
mer smokers not wearing RPE.

Blood leukocyte levels, the absolute number of blood neutro-
phils, and the concentration of IL-6 were significantly affected by both
smoking status and workplace exposure, with the highest levels ob-
served in smokers (Fig. 2 and Supplementary Table 5, http://links.
lww.com/JOM/B104).

There were differences among workers of the copper smelter
with respect to the extent of RPE usage. In a further analysis, only
the copper smelter workers were included, and the effect of exposure
(RPE usage) and smoking status tested. In workers not wearing
RPE, we found significantly higher levels of blood neutrophils, leuko-
cytes, and CRP. However, these effects were smaller than the increase
caused by smoking (Fig. 3 and Supplementary Table 5, http://links.
lww.com/JOM/B104).
Sputum Biomarkers
Sputum analyses were limited to a subset of 40 nonsmokers or

former smokers (<5 pack-years), 28 workers from the copper smelter
and 12 referents. Two copper-exposed volunteers and one referent
were excluded from the analysis because of a suspected ongoing infec-
tion during the time of sputum collection, which was later confirmed.
This left 26 workers from the copper smelter (7 former smokers and 19
never smokers) and 11 referent subjects (3 former smokers and 8 never
smokers) for analysis. The mean ages of the 26 copper-exposed
workers and referents were 44 and 47 years, respectively.

In one case, the sputum quality of a copper-exposed worker
was so low that no differential cell count could be performed. Sputum
eosinophils above the generally accepted normal value of 3%31,32 were
observed in three referents (5.1%, 7.0%, and 14.8%) and four workers
from the copper smelter (4.0%, 4.0%, 11.0%, and 21.5%). The in-
creased sputum eosinophil levels were reflected by higher concentra-
tions of ECP in blood and sputum, blood eosinophil counts, and FeNO
values. In most of these cases, the workers indicated acute allergic
symptoms or known underlying atopic diseases. Despite this and based
on the nearly equal distribution between groups, we included all subjects
into the analysis, but carefully tested any potential bias on the results.

Supplementary Table 6, http://links.lww.com/JOM/B105, lists
the demographics and the results of the sputum cell and supernatant
analysis separately for copper-exposed and referent workers. The per-
centage of sputum neutrophils was statistically significantly higher in
referent workers. Because we observed a small but significant differ-
ence in ciliated epithelia cell counts (data not shown), we also analyzed
the sputum neutrophils percentage relative to sputum white blood
cells. The percentage of sputum neutrophils remained statistically sig-
nificantly higher in referent workers (Fig. 4).
merican College of Occupational and Environmental Medicine. e553
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FIGURE 1. Box-and-whisker plots of the unstratified data of (A) FEV1/FVC; (B) Rtot; (C) DLCO or TLCO%pred and (D) PEF by exposure
group. Box is reflecting the IQR with the median (line) and mean value (x) of the data. Upper and lower whiskers indicating the data
variability: 25th percentile − 1.5 *IQR; 75th percentile + 1.5 *IQR. Empty circles represent outliers.%pred, percentage of the predicted
value for healthy nonsmokers; DLCO or TLCO, transfer factor of the lung for carbonmonoxide; FEV1, forced expiratory volume in 1 sec-
ond; FVC, forced vital capacity; IQR, interquartile range; PEF, peak expiratory flow; Rtot, airway resistance.
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FeNO
One referent subject did not participate in the FeNO examina-

tion. For the remaining study subjects, no statistically significant dif-
TABLE 4. Number (n) and Prevalence (%) of Restrictive/Obst
Referent Groups

Disorder Pattern Def. No.

Copper-Exposed (n = 104)

No. Cases (n) Prevalence (%

Restrictive 1 11 10.6
2 13 12.5

Obstructive 3 6 5.8
4 5 4.8
5 3 2.9
6 6 5.8

Def., Definition derived from literature.
*Refer to definitions in Table 1.

e554 © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on
ferences were detected between the copper-exposed and referent
groups overall and after stratification by smoking status (Supplemen-
tary Table 3, http://links.lww.com/JOM/B102) and/or RPE use
ructive Disorder Patterns Among the Copper-Exposed and

Referent (n = 70)

Source of Def.*) No. Cases (n) Prevalence (%)

6 8.6 27,28

6 8.6 29

5 7.1 9,32

5 7.1 28

2 2.9 27

4 5.7 13

behalf of the American College of Occupational and Environmental Medicine.
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FIGURE 2. Box-and-whisker plots of the absolute number of blood leukocytes, blood neutrophils, and serum IL-6 levels in
copper-exposed workers and referents, separately for smoking status. Box is reflecting the IQRwith themedian (line) andmean value
(x) of the data. Upper and lower whiskers indicating the data variability: 25th percentile − 1.5 *IQR; 75th percentile + 1.5 *IQR. Empty
circles represent outliers. IL, interleukin; IQR, interquartile range.
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(Supplementary Table 4, http://links.lww.com/JOM/B103). How-
ever, as expected, lower FeNO values were observed in current
smokers compared with former or never smokers.

DISCUSSION
The present study was a cross-sectional study of lung function

and inflammatory biomarkers data in long-term smelter workers ex-
posed to dusts containing copper. Owing to the specific working con-
ditions of smelting operations such as physical exertion, heat, and
mixed dust exposures, comparisons to normative values may have
been affected by confounding. To limit confounding, an internal refer-
ence group was chosen working at the same plant but in a precious
metal and lead facility. These workers have similar working condi-
tions, although because of the different ores and production materials,
the dust to which they were exposed did not contain significant
amounts of copper. Although a completely nonexposed referent group
may have been preferable, most workplace epidemiologic studies can-
not obtain truly unexposed subjects. Copper-exposed and referent sub-
jects were similar in terms of demographic and anthropometric charac-
teristics, and all analyses were adjusted for smoking and RPE usage.

Assessment of the lung function parameters revealed no bio-
logically relevant differences between the copper-exposed and referent
groups. The median FEV1/FVC ratio was well above 0.7 among
FIGURE 3. Box-and-whisker plots of the absolute number of blood l
trophils in copper-exposed workers with and without RPE, separate
(line) and mean value (x) of the data. Upper and lower whiskers ind
centile + 1.5 *IQR. Empty circles represent outliers. IQR, interquartil

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the A
copper-exposed and referent subjects with ratios below this cutoff
point indicate a persistent airflow limitation.9 Median %pred values
of the assessed lung function parameters, which take into account
the age and height of the examined person, exceeded 90% for most pa-
rameters in both groups. Furthermore, median levels of Rtot, DLCO or
TLCO, and PEF of both groups fell within typical ranges among never
smokers (Rtot: <0.30 kPa · s/L

33; DLCO or TLCO: >80%
16; PEF: 6.7 to

11.7 L/s34), and there were no meaningful differences in the prevalence
of obstructive impairments between both of these groups. In light of
these observations, the results do not indicate any exposure-dependent
impairment of the lung function in relation to copper exposure, and this
is consistent with previous findings.8

As expected, the effect of smoking was evident in the study
population. In line with literature data, we observed a significant in-
crease in blood leukocytes, neutrophils,35 and immunoglobulin E36

and a decrease in the percentage of blood monocytes in the current
smokers. An increase in the blood concentration of ICAM1 and MPO
and a clear decline in blood CC16were also observed.37,38 Furthermore,
FeNO values were lower among current smokers, a finding consistent
with existing literature.39 However, all FeNO values fell well below
25 ppb, which is the threshold indicating airway inflammation.40

Some systemic biomarkers were increased in copper-exposed
workers compared with referents and among copper-exposed workers
in non-RPE compared with RPE-wearing workers. However, as the
eukocytes, blood neutrophils, and the percentage of blood neu-
ly for smoking status. Box is reflecting the IQR with the median
icating the data variability: 25th percentile − 1.5 *IQR; 75th per-
e range; RPE, respiratory protective equipment.
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FIGURE 4. Median and IQR of the percentage of sputum neutrophils (left) and macrophages (right) in 25 nonsmoking
copper-exposed workers and 11 nonsmoking referent workers. IQR, interquartile range.
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multivariate analysis showed, the effect of smoking generally exceeded
the effects of workplace dust exposures, and the data also provided ev-
idence that the introduction of RPE had a beneficial effect. Slightly
lower total copper blood levels (P = 0.002) of RPE-wearing workers
(n = 66, median [interquartile range] 14 [5] μmol/L) compared with
non-RPE users (n = 36, 16 [6] μmol/L) are compatible with this inter-
pretation. It needs to be noted that despite differences between groups,
blood neutrophils, leukocytes, and Cu levels were within the standard
reference ranges of the contract laboratory suggesting that the ob-
served differences were not adverse.

Sputum induction was performed in nonsmokers or former
smokers at a time when wearing RPE for the copper-exposed group
was already mandatory. The median quality score was 1.3 (on a
5-point scale 0 to 241), and all samples except one could be evaluated.
In line with this, the median squamous cell contamination was 5.5%,
indicating good to very good quality of the samples. There was a sig-
nificant correlation between the number of sputum neutrophils per
milliliter of sputum and the concentration of IL-8 in sputum superna-
tant (r = 0.70, P < 0.001), which also suggests plausible sputum data.
Some subjects reported allergies or had an atopic background, which
was in most cases confirmed by increased sputum eosinophils and/
or higher FeNO values. As these subjects were evenly distributed
across groups, we decided to include them into the analysis.

There were significantly higher percentages of neutrophils in
the referent group, which was supported by higher levels of IL-8 and
MPO in the sputum supernatant; however, differences in these two pa-
rameters did not reach statistical significance. The reason for higher
sputum neutrophils in the referent subjects is not clear but may reflect
a common attribute of the smelting environment (eg, dust). Indeed, the
referent subjects working at the precious metal facility were not re-
quired to wear RPE. As such, their exposure to ambient non–copper-
containing dust may have been higher, leading to low-grade cellular
response (eg, dust response) to increase lung clearance capacity. How-
ever, despite these differences between groups, most workers were
within the range of normal subjects.30,31 As the second major cell type
in sputum, macrophage percentages were higher in the copper-exposed
workers, although this differencewas only borderline significant (P= 0.06).
In conclusion, only small differences were observed between groups
in blood and sputum, which did not lead to detectable functional
changes, for example, in lung function.

When comparing the median values of the blood biomarkers to
those of “healthy subjects” reported in literature, median MCP, MPO,
ICAM-1, and ECP levels exceeded the upper boundaries of the respective
reported ranges (MCP: 20.1 to 78.9 pg/mL42; MPO: 49.7 ± 27.6 ng/mL43;
ICAM-1: 128.9 to 347.48 ng/mL44; ECP: 33 ± 37 ng/mL43). This was .
equally observed among copper-exposed and referent subjects and so
may reflect a common component of smelter working conditions. All
e556 © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on
other median blood biomarker levels fell within the respective reported
ranges (CRP: <0.2 to 10.5 mg/L,46 IL-6: 1 to 13.1 pg/mL,47 IL-8: 24.4
to 35.9 pg/mL,42 tumor necrosis factorα: 7.91 to 12.73 pg/mL,48 CC16:
14.4±4.6 ng/mL,49 ESel: 9.15 to 65.19ng/mL,44NE: 123.5±24.3 ng/mL,50

and SAA: <11.0 μg/mL51). However, there are limitations to compar-
ing “healthy” subject value ranges between studies such as population
demographics and experimental differences in the use of commercial
analytical assays that hamper meaningful comparisons.

Our observations of a lack of copper exposure–related effects
on lung function are consistent with a historical health surveillance
study performed at the same copper plant that focused on the decline
in FEV1 over a mean exposure duration of approximately 22 years.
Declines in FEV1 among copper-exposed and referent never smokers
were similar to the typical age-dependent decline in a healthy non-
smoking reference population.8,52 The current study included a more
sensitive assessment of lung function measures as well as inflamma-
tory biomarkers to elucidate possible subtle effects, which might have
been missed in the historical health surveillance study. However, such
effects were not detected.

There are several other biomarkers that could have been in-
cluded (such as IL-4, IL-5, IL-13), some of which are associated with
asthma, and these might be considered in subsequent investigations.
However, given the lack of any meaningful association observed be-
tween copper exposure and any spirometry measure or biomarker,
the broad set of sensitive outcome measures we used provided no indi-
cation that workers occupationally exposed to high concentrations of
copper-containing dust were different from the unexposed comparison
group. The same is true for additional measures from the body plethys-
mograph that might have been used.

A general feature of the smelting environment is the elevated
levels of dust involved in the refinement of the base ore. This mixed
exposure may include other metals as well as “granular biopersistent
particles without known specific toxicity” (GBSs). Such dusts are
not biologically inert but are lower in toxicity than other, more bioac-
tive components such as copper and other metals. This is reflected in
the much higher occupational exposure limits for GBS,53 as compared
with silver and copper. Indeed, repeated exposures to GBS during
smelting may also result in adaptive effects, such as increased alveolar
macrophage recruitment (and associated cytokine signaling such as
MCP). This reflects the increased particle load in the lungs and is de-
signed to rid the airspaces of particles as part of a homeostatic re-
sponse rather than part of a process that leads to pathological change.
Coexposures to other inorganic dust particles including metals occur-
ring in the refinement process of copper, lead, and precious metals
were discussed in detail in the health surveillance study.8 Respiratory
protective equipment use became mandatory in the lead area in
2003, and therefore, an impact of mixed metal/GBS exposure on
behalf of the American College of Occupational and Environmental Medicine.
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current workers in the lead area examined in 2019 was unlikely. Pro-
cessing of precious metals was generally performed without RPE,
and inhalation exposure to particulates (eg, silver and GBS) was likely.
The base material consisted of up to 98% silver, and exposures to
inorganic silver compounds were below the maximum allowed con-
centrations according to the German TRGS 900 (0.01 mg/m3).21 In
relation to the coexposures at the copper smelter, pulmonary re-
sponses may also be triggered by substances occurring as part of
the copper-refining process such as cadmium, sulfur dioxide, or
antimony.54–57 Assuming that none of the coexposures had a protec-
tive effect on lung function or inflammation, it is highly unlikely that
coexposures to other metals masked a true effect of copper exposure.

It is important to note that this study was not able to identify po-
tential acute effects of copper-containing dust exposure as two-thirds
of the copper-exposed group (and the entire subgroup participating
in the sputum biomarker assessment) used RPE during their shift on
the day of sampling. By comparing the “RPE” and “non-RPE” groups
for the blood biomarkers and FeNO, this limitation was partly dimin-
ished, although the sample size of the “non-RPE” group was relatively
small. Nevertheless, near-term exposure (or reduction of exposure due
to RPE use) would not be expected to affect the results of the chronic
pathologies resulting in changes to lung function. Similarly, when in-
flammation is chronic in nature (ie, nonresolving), elevated levels of
serum biomarkers such as IL-6, CRP, and IL-8 would be expected as
noted in chronic inflammatory diseases such as chronic obstructive
pulmonary disease58 and cardiovascular disease.59 Furthermore, CC16
is a lung-derived biomarker, secreted by epithelial cells found predom-
inantly in the respiratory bronchioles, as well the large and small air-
ways.58 It serves as a specific marker for epithelial cell dysfunction,
and serum levels rise following acute exposure to inflammatory stimulus
such as cigarette smoke and lipopolysaccharide.61 However, it is also an
ideal candidate for use in longitudinal studies for lung disease of the lower
respiratory tract.62 This is because, over time, inflammation-related dam-
age to these epithelial cells and remodeling leads to a reduction CC16
secretion and subsequent lower serum levels than in healthy controls.
As such, copper-induced effects may be characterized by elevation in
CC16 levels after acute exposure (acute inflammation), whereas the more
chronic effects of copper-containing dust exposure such as epithelial dys-
function would be characterized by a reduction in CC16 serum levels.
Neither response was observed in this study.

We relied on volunteers employed at a single, albeit large, cop-
per smelter, and only ~50% of theworkforce participated in the current
study. This resulted in a relatively small sample of 174 workers. Al-
though a selection bias in the copper-exposed group cannot be entirely
excluded, its effect on the results is minor, considering the comparable
length of exposure that was equally high among copper-exposed par-
ticipants and nonparticipants. Furthermore, the selection of a sample
of the referent group of younger age also had minor impact on the study
findings, because any exposure-dependent effects would have been
more pronounced in comparison with the copper-exposed participants.

Workers in the current study demonstrated no biologically rel-
evant reductions in any of the sensitive lung function parameters used
in the study or evidence for chronic inflammation, despite working for
over 18 years (median of the copper-exposed group), in a smelter with
inhalable copper dust levels of approximately 0.120 mg/m3 (in 2018)
and likely higher levels in previous years. If long-term exposure to
copper can potentially lead to inflammation of the airways, as sug-
gested in the SCOEL and MAK recommendations,1,3 such an effect
was not evident in this study.
CONCLUSION
This cross-sectional study investigated whether copper-containing

dust exposures could affect lung function and associated inflammatory
parameters. Based on the present findings, there is no indication of an
alteration of the lung function of copper-exposed workers. This observation
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the A
is supported by the absence of biologically relevant inflammatory re-
sponses measured in blood, sputum, and exhaled nitric oxide.
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