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A B S T R A C T   

Occupational exposure to hexavalent chromium [Cr(VI)], a known lung carcinogen, remains a relevant concern. 
When performing exposure assessment for risk assessment, biomonitoring is an important tool, reflecting actual 
internal exposure of workers. Here, we present total urinary chromium (U–Cr) biomonitoring data from several 
occupational sectors, spanning 1980–2016 (n > 42,000). Based on these data, we estimated lifelong (40-year) 
occupational lung cancer risks in the Cr-plating and welding sectors. We used published regression formulas to 
relate internal (U–Cr) and external Cr(VI) inhalation exposures, allowing risk assessment based on a published 
lung cancer dose-response. Generally, measured U–Cr levels decreased considerably over the study period. The 
overall highest U–Cr P95 levels (representing realistic worst-case) were measured in the interval 1980–1989 in 
casters, maintenance workers and welders (40–45 μg/L). By the interval 2010–2016, the U–Cr P95 had decreased 
to ≤9.5 μg/L in all studied sectors. Lifelong external Cr(VI) exposure estimation for 1980–2019 was 0.16–0.32 
mg/m3 x year for platers and 1.03 mg/m3 x year for welders. Worst-case lifelong lung cancer relative risk (RR) 
estimates were 1.28–1.56 for platers and 2.80 for welders; attributable risks (AR) were 22–36% for platers and 
64% for welders. Uncertainties that may have impacted the risk assessment are discussed.   

1. Introduction 

Hexavalent chromium [Cr(VI)] compounds (chromates) are known 
occupational lung carcinogens. In addition, there is evidence for an 
increased risk for nose and nasal sinus cancer in chromate exposed 
workers (IARC 2012; Palmen et al., 2018). Also an association with 
stomach cancer has been suspected and in animal studies, Cr(VI) com
pounds caused an increased incidence of intestinal cancers (ECHA 
2013). Non-cancer effects of Cr(VI) include nasal septum ulcerations and 
perforation, chronic lung diseases, respiratory allergy (asthma and 
rhinitis) and allergic contact dermatitis in humans, and reproductive 
and developmental toxicity in experimental animals (Kapp 2005). 

Despite the use of chromates being subject to authorisation under the 
European regulation concerning Registration, Evaluation, Authorization 
and Restriction of Chemicals (REACH; EC, 1907/2006), occupational 
exposure to Cr(VI) remains a relevant concern also in Europe. Cr(VI) 

compounds are still widely used in authorised industrial applications, 
mostly due to their technical advantages in producing hard and corro
sion tolerant coatings. More than 100 authorisations, some covering 
hundreds of workers, have already been requested and granted, meaning 
continuing exposure of thousands of European workers to Cr(VI) in these 
activities (ECHA 2019a). Cr(VI) is also present in process-generated 
fumes that are not covered by REACH, e.g. in manufacturing and 
welding of stainless steel (Scheepers et al., 2008). 

Health risk assessment consists of exposure and hazard assessment. 
In occupational settings, occupational hygiene measurements, such as 
air monitoring, are a gold standard for external exposure assessment. In 
addition, internal exposure assessment, meaning biomonitoring, typi
cally from workers’ urine or blood, has a long-standing tradition in 
occupational health interventions. It is an important addition to external 
exposure assessment information, because when performed correctly, 
biomonitoring reflects the actual exposure, and encompasses all 
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E-mail address: selma.mahiout@ttl.fi (S. Mahiout).  

Contents lists available at ScienceDirect 

Regulatory Toxicology and Pharmacology 

journal homepage: www.elsevier.com/locate/yrtph 

https://doi.org/10.1016/j.yrtph.2022.105276 
Received 30 December 2021; Received in revised form 27 September 2022; Accepted 7 October 2022   

mailto:selma.mahiout@ttl.fi
www.sciencedirect.com/science/journal/02732300
https://www.elsevier.com/locate/yrtph
https://doi.org/10.1016/j.yrtph.2022.105276
https://doi.org/10.1016/j.yrtph.2022.105276
https://doi.org/10.1016/j.yrtph.2022.105276
http://creativecommons.org/licenses/by/4.0/


Regulatory Toxicology and Pharmacology 136 (2022) 105276

2

occupationally relevant routes of exposure (inhalation, dermal, inges
tion due to hand to mouth contact) (Viegas et al., 2020). 

Management of occupational exposure to Cr(VI) is achieved by 
compliance with occupational exposure limit values (OELs). The recent 
binding occupational limit value (BOELV) for the air concentrations of 
Cr(VI), set under the EU Directive on the protection of workers from the 
risks related to exposure to carcinogens or mutagens at work (2004/37/ 
EC), is 0.01 mg Cr(VI)/m3 for a period of 5 years after the transposition 
date of 2017; after that period a limit of 0.005 mg Cr(VI)/m3 will apply. 
For welding or plasma-cutting processes or similar work processes that 
generate fumes, there is a derogation, with an OEL value of 0.025 mg Cr 
(VI)/m3 until 5 years after the transposition date; after that period, the 
limit will be 0.005 mg Cr(VI)/m3. No EU-wide biological limit value 
(BLV) has been set for Cr(VI), but some EU member states have defined 
national BLVs for the internal occupational exposure to Cr(VI), 
measured as total urinary chromium (U–Cr). For example, in Finland 
and France, BLVs of 10 μg/L and 2.5 μg/L, respectively, have been set, 
corresponding to the respective OELs of 5 μg/m3 and 1 μg/m3 for Cr(VI) 
(ANSES 2017; STM 2020). 

While compliance with the current OELs and BLVs helps to ensure 
relatively safe working environments, particularly historically this has 
not always been achieved. When making health risk assessment based 
on past exposure, either for epidemiological studies examining dose- 
responses or for individual workers, e.g. for a diagnosis of a possible 
occupational disease, assessment of exposure as reliably as possible is 
essential. In such cases, measured data on exposure, i.e. Cr(VI) air 
concentrations and/or Cr biomonitoring data, are needed. Bio
monitoring gives information on the actual internal exposure of indi
vidual workers, and may in some companies be more readily available 
from several timepoints than information on air concentrations. On the 
other hand, exposure by inhalation is the most crucial for lung cancer, 
and the current dose-response estimations for adverse health effects 
caused by Cr(VI) are based on Cr(VI) air concentrations. 

Dose-response estimates of Cr(VI) induced lung cancer risk in 
humans have been studied in several epidemiological cohorts. The most 
well-known are the ‘Baltimore’ cohort (Braver et al., 1985; Gibb et al., 
2000; Hayes et al., 1979) and the ‘Painesville’ cohort (Luippold et al., 
2003; Mancuso 1997a, 1997b), both from the American chromate in
dustry. After a systematic search, five studies based on these cohorts, 
reporting on exposure to occupational Cr(VI) and respiratory tract 
cancers, were included in a meta-analysis of (Seidler et al., 2013). They 
established a dose-response for Cr(VI) caused lung cancer: RR = 1.75 x 
C + 1, in which RR is the relative risk and C the lifelong occupational 
exposure in mg/m3 x year. 

The analysis by (Seidler et al., 2013) has been used by several expert 
groups as a basis to estimate lung cancer risks caused by different life
long Cr(VI) exposure levels: European Chemicals Agency’s (ECHA) Risk 
Assessment Committee (RAC) (ECHA 2013), the Dutch DECOS com
mittee (DECOS, 2016) and the EU Scientific Committee on Occupational 
Exposure Limits (SCOEL) (European Commission et al., 2017). Resulting 
excess life-time cancer risks for 40 years of occupational exposure have 
been 4 x 10-5 at 0.01 μg Cr(VI)/m3, 4 x 10-3 at 1 μg Cr(VI)/m3, 20 x 10-3 
at 5 μg/m3 and 94 x 10-3 at 25 μg/m3. It was not possible to derive 
dose-effect relationship for stomach cancer and nose and nasal sinus 
cancer based on human data. As Cr(VI) is considered a non-threshold 
carcinogen, no safe limit can be set for it and occupational exposure 
to it should be minimised to as low as reasonably achievable (ALARA). 
For fertility effects, RAC has established for workers inhalation and 
dermal DNELs of 43 μg Cr(VI)/m3 and 43 μg Cr(VI)/kg/bw/d, respec
tively (ECHA 2015). For developmental toxicity, the inhalation and 
dermal DNELs established by RAC were 85 μg Cr(VI)/m3 and 93 μg Cr 
(VI)/kg/bw/d, respectively. No thresholds could be established for 
allergic contact dermatitis, allergic asthma and rhinitis. 

The Finnish Institute of Occupational Health (FIOH) has collected 
information on occupational exposure to chemicals in its registries, 
which include the Register of Biomonitoring Exposure Assessments. This 

register includes the results of the biomonitoring analyses performed at 
FIOH as part of the expert services provided to the Finnish workplaces 
and occupational health care units since the early 1960s. Biomonitoring 
of chromium exposure at workplaces is recommended by FIOH as part of 
occupational health surveillance for workers exposed to Cr(VI), and 
U–Cr analysis is still one of the most frequently performed bio
monitoring analyses at Finnish workplaces. The FIOH register of bio
monitoring exposure assessments includes results of U–Cr analyses from 
the beginning of the 1980s. 

In this study, we collected the existing U–Cr biomonitoring data from 
the FIOH register of biomonitoring exposure assessments, covering Cr 
exposure in several occupational sectors. This resulted in a rather unique 
dataset, which can help in the assessment of past exposures, e.g. for 
epidemiological studies or for the diagnosis of occupational lung cancer 
related to Cr(VI) exposure, which typically has a long latency period. 

Based on the dataset, we also assessed occupational lung cancer risks 
related to Cr(VI) exposure in platers and welders. As lifelong exposure is 
essential in the Cr(VI) related cancer incidence increase, all U–Cr bio
monitoring data covering a ~40-year period (1980–2016) were 
compiled. We then converted the measured biomonitoring data (U–Cr, 
P95), representing internal exposure, into estimates of corresponding Cr 
(VI) air levels (μg/m3). This was done using published regression for
mulas, based on simultaneous measurements for the internal and 
external exposure (U–Cr and Cr(VI) air concentrations, respectively) 
from platers and welders (Chen et al., 2002; Lindberg and Vesterberg 
1983; Viegas et al., 2022). The conversion to achieve the estimates was 
needed to assess the lung cancer risks. We then used these estimates to 
assess lifelong occupational lung cancer risks related to the Cr(VI) ex
posures in the plating and welding sectors, using the dose-response 
formula by (Seidler et al., 2013). 

Earlier within the HBM4EU project, the resulting cancer risk esti
mates were compared to the estimates of a recent Dutch risk assessment 
for military Cr(VI) uses during the years 1980–1999, covering similar 
tasks related to surface treatment but lacking exposure data that would 
have allowed a quantitative exposure assessment. The aim of the com
parison was to study whether inclusion of biomonitoring data could 
improve the reliability of the earlier risk assessment, which was found to 
be the case. The comparison also demonstrated the merits of using 
biomonitoring data above semi-quantitative approaches based on 
external exposure estimates to improve the quality and reliability of risk 
assessment. Here, we cover a longer study period (1980–2016 vs. earlier 
1980–1999), and extend the cancer risk estimate calculations with new 
data from the HBM4EU occupational chromate study (Santonen et al., 
2022; Viegas et al., 2022). 

The risk assessment presented here is not intended to have direct 
regulatory implications. The main purpose is to give risk estimates based 
on the presented biomonitoring data, and to more generally illustrate 
how biomonitoring data can improve the Cr(VI) health risk assessment. 

2. Materials and methods 

2.1. Human biomonitoring data 

The biomonitoring data used in this work originated from a register 
of biomonitoring measurements upheld by the Finnish Institute of 
Occupational Health (FIOH), according to the law on the activities and 
funding of FIOH (STM 159/1978). This law defines the information 
gathered in the FIOH databases and gives FIOH permission to use the 
gathered data for research purposes. The database, which is not publicly 
available, conforms to the European General Data Protection Regulation 
(GDPR, EU, 2016/679). It consists of the original analytical results and is 
not a biobank, as no samples are stored. Informed consent, including a 
consent to store the measurement results to the FIOH database, is ob
tained from all workers providing samples for analysis. Contextual in
formation stored to the database includes sample timing, sex, smoking 
information, job title and company information. 
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The data used here consisted of >42,000 urinary total chromium 
(U–Cr) measurement results from 1980 to 2016, sent to the Institute for 
exposure monitoring by occupational health care units. Earlier analyses 
of the samples (during 1980–1999) were performed using electro
thermal atomic absorption spectrometry (EAAS), as described in (Kii
lunen et al., 1987). Later, U–Cr was analysed using inductively coupled 
plasma mass spectrometry (ICP-MS), application as described in 
(McShane et al., 2007). During the whole study period, the FIOH labo
ratory has taken part in external and internal quality programmes, and 
has been accredited by the Finnish Accreditation Service (Finas T013) 
since the 1990s. All the U–Cr measurements were normalised to specific 
gravity, thus, the results covering the whole study period are 
comparable. 

All samples have been classified according to the national Standard 
Industrial Classification (SIC) TOL 2008, which complies with NACE 
Rev. 2. The results of U–Cr analysis were divided to the groups based on 
work task, SIC and exposure to different chromium compounds. 

The group of “platers” consists of electroplating process workers and 
of those, whose workplace was classified as "treatment and coating of 
metals", excluding workers who were classified into another group ac
cording to their job title (e.g. welders and grinders). A large part of 
“sprayers” worked in car repair workshops, but also painters in different 
industrial areas were included. The “sandblasting and other mechanical 
surface treatments” group was collected according to job titles. “Me
chanics” includes all workers that had “mechanic” or “installer” in their 
job title. “Maintenance workers” were divided into two groups: main
tenance workers” and “mechanical maintenance workers”, as the 
exposure to Cr(VI) compounds could be different. The group “mainte
nance workers” includes for example electricians and telecommunica
tions installers and repairers. The group “mechanical maintenance 
workers” includes machining workers and others that work metal. The 
group “welders” includes all workers using different welding techniques 
and metal sheet workers who cut, form, or weld sheets of metal. 
Moulders, founders and other casting process workers that are exposed 
to casting fumes were collected to the group “casting”. 

2.2. Data processing and conversion into corresponding air levels 

Aggregated biomonitoring data were used in this work. The original 
data unit μmol/L was converted into nmol/L, μg/L and μg/g of creati
nine (crea) as required by the subsequent calculations. The approxi
mation into μg/g of crea assumed that 1 L of urine contains 1.36 g of crea 
(Cocker et al., 2011). 

Published regression formulas were used to convert the measured 
biomonitoring data (U–Cr, P95), representing internal exposure, into 
corresponding Cr(VI) air levels (μg/m3). These formulas, presented 
below, are based on simultaneous biomonitoring (U–Cr) and occupa
tional hygiene (airborne Cr(VI) concentration) measurements on 
workers doing either chromium plating (formulas 1-3) or welding (for
mula 4). The conversions were made only for the FIOH data from platers 
and welders. The following assumptions were made, and it was pre
sumed that their contribution to the overall U–Cr levels did not produce 
such a significant variation that would have hampered the analysis: 1) 
background (non-occupational) Cr exposures remained comparable, 2) 
occupational exposure to the non-carcinogenic trivalent chromium [Cr 
(III)] was comparable within each of the two occupational sectors and 3) 
contribution of skin-to-mouth exposure was comparable within each of 
the two occupational sectors. These are general assumptions that must 
be made when such regression formulas are used, e.g. for the setting of 
BLVs, and must be recognised as sources of uncertainty. 

For plating, three different regression formulas were included for 
comparison and to provide more confidence in the estimates. The older 
formulas 1 and 2 have been used previously in e.g. setting of BLVs for Cr 
(VI). Formulas 3 and 4 are based on very recent data. 

Formula 1) for plating by (Lindberg and Vesterberg 1983): [Crair] 
(μg/m3) = 0.43 + 0.013 × [Crurine](nmol/L). This formula is based on Cr 

(VI) exposure data from chromium plating, n = 57, r (correlation coef
ficient) = 0.71. Atmospheric samples were taken from the exposed 
workers’ breathing zone with personal air samplers over one work-shift. 
In the same week, urine samples were collected immediately before and 
after the work-shifts on Monday and Thursday. 

Formula 2) for plating by (Chen et al., 2002): [Cr(VI)air](μg/m3) =
[[Crurine](μg/g crea)+0.21]/1.86. This formula is based on data from 
decorative and hard-surface chromium plating, n = 57, r2 (goodness of 
fit) = 0.87. Atmospheric samples of inhalable Cr(VI) aerosols were taken 
with personal samplers over one whole working day (last day of the 
work week). Urine samples (one sample from each exposed worker) was 
collected at end of the work week, at the end of shift. 

Formula 3) for plating by Viegas et al. (2022): [Cr(VI)air](μg/m3) =
[[Crurine](μg/g crea)-0.742]/1.235. This formula is based on data from 
chromium bath plating, n = 42, rs (Spearman correlation coefficient =
0.858, r2 = 0.679. Atmospheric samples of the inhalable and respirable 
fractions of Cr(VI) were taken with personal samplers over a represen
tative period of a work shift. Urine samples were collected at the 
beginning and end of the same work week (pre- and post-shift samples, 
respectively). 

Formula 4) for welding by Viegas et al. (2022): [Cr(VI)air](μg/m3) =
[[Crurine](μg/g crea)-0.647]/0.541. This formula is based on data from 
welding, n = 46, rs = 0.515, r2 = 0.324. Atmospheric samples of Cr(VI) 
were taken with personal samplers over a representative period of a 
work shift. Urine samples were collected at the beginning and end of the 
same work week (pre- and post-shift samples, respectively). 

The estimates of external exposure concentrations resulting from 
these conversions allowed the subsequent risk estimate calculations. 

2.3. Risk estimate calculations 

The estimates of external Cr(VI) exposure concentrations were used 
to calculate 40-year (lifelong) occupational lung cancer risks 
(1980–2019). First, for calculation of the external exposure over 40 
years, average annual exposures for each time interval (1980–1989, 
1990–1999, 2000–2009 and 2010–2016) were calculated from the 
external exposure data estimates (μg/m3, P95). These were then con
verted to lifelong occupational exposure over 40 years (expressed as mg/ 
m3 x year) using an average exposure each year multiplied by the 
number of years with that exposure (total 40 years). The results from 
2010 to 2016 were extrapolated to also cover exposure during 
2017–2019. 

This sum was then used for the lung cancer risk calculations. RR was 
calculated using the formula from Seidler et al. (2013), which is based 
on five high-quality epidemiological studies, investigating the 
dose-response for lung cancer caused by exposure to air Cr(VI) in the 
American chromate industry. The inclusion criteria for this 
meta-analysis contained providing data for more than one level of Cr(VI) 
exposure, adequate consideration of smoking status as confounder, and 
sufficient methodological quality. Applying linear exposure-response 
models, the calculated dose-effect relationship for lung cancer derived 
by Seidler et al. (2013) was RR = 1.75 x C + 1, where RR = relative risk 
and C = lifelong occupational exposure in mg/m3 x year. RR is a ratio of 
the probability of an adverse health event occurring in an exposed group 
vs. the probability of the same event occurring in an occupationally 
non-exposed group. 

Attributable risk (AR) was then calculated using the formula AR=
(RR-1)/RR (Miettinen 1974). AR is the proportion of a disease (or an 
excess risk of a disease) that is caused by the exposure. 

3. Results 

3.1. Measured total U–Cr levels in Finnish workers in 1980–2016 

Overall, the measured U–Cr levels have decreased over the study 
period. This applies to almost all occupational sectors over the period 
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1980–2016 (Table 1), and also when all sectors were combined (period 
2000–2016, Fig. 1). For sandblasters and other mechanical surface 
treaters, the data are inconclusive, as the number of samples was very 
low (n = 30 in 1980–2016). 

The highest levels for most occupational sectors were measured in 
the 10-year interval 1980–1989 (Table 1). The overall highest U–Cr P95 
levels were measured in casters (44.7 μg/L in 1980–1989, n = 15), 
maintenance workers (42.1 μg/L in 1980–1989, n = 36) and welders 
(40.0 μg/L in 1980–1989, n = 3232). By the interval 2010–2016, the 
measured U–Cr P95 levels in all sectors had decreased to ≤9.5 μg/L. The 
highest measured P95 level of 9.5 μg/L was in sprayers (n = 54 in 
2010–2016). In sprayers, the measured P95 U–Cr levels do not appear to 
have decreased over the whole study period of 1980–2016. However, 
the n in the intervals 2000–2009 and 2010–2016 were low, probably 
contributing to variability. Also for sprayers, the median levels over the 
whole study period decreased considerably. 

3.2. Risk assessment 

The key endpoint considered in the risk assessment was lung cancer. 
RR and AR were calculated based on the biomonitoring data, repre
senting internal exposure. The biomonitoring data of platers and 
welders were converted into estimated external exposure (μg/m3) using 
four available regression formulas (Table 2). Three of these formulas 
were based on measurements from plating activities, and one from 
welding. Only these two occupational sectors were included in this ex
amination, as the exposure scenarios for the rest of the sectors were 
considered to differ too much from those represented by the regression 
formulas, or the n was considered too low. 

The 40-year (lifelong) occupational external exposure estimates 
were 160–320 μg/m3 x year for platers and 1030 μg/m3 x year for 

welders (Table 3), when calculated based on P95, reflecting the realistic 
worst-case exposure. 

The lifelong lung cancer risk calculations for platers showed an RR of 
1.28–1.56 and an AR of 22–36%. This applied to the lifelong occupa
tional exposure assessment obtained with the internal to external 
exposure conversion formulas based on measurement data from Cr 
plating activities (formulas 1–3). Of these, formula 2 and 3 have slightly 

Table 1 
Measured urinary total Cr (U–Cr) levels in Finnish workers in 1980–2016, stratified by occupational sectors and presented in three different units.  

Occupational sector Interval n μmol/L μg/L μg/g creaa 

Md P95 Md P95 Md P95 

Plating 1980–1989 771 0.04 0.5 1.9 23.7 1.4 17.4 
1990–1999 857 0.02 0.3 1.0 17.2 0.8 12.6 
2000–2009 4657 0.01 0.2 0.7 10.6 0.5 7.8 
2010–2016 3631 0.01 0.1 0.5 6.3 0.4 4.6 

Spraying 1980–1989 213 0.02 0.2 1.1 8.7 0.8 6.4 
1990–1999 254 0.01 0.2 0.5 9.9 0.4 7.3 
2000–2009 26 0.01 0.02 0.3 1.2 0.2 0.9 
2010–2016 54 0.004 0.2 0.2 9.5 0.1 7.0 

Welding 1980–1989 3232 0.07 0.8 3.6 40.0 2.7 29.4 
1990–1999 6806 0.05 0.4 2.6 20.8 1.9 15.3 
2000–2009 5651 0.02 0.2 1.2 11.9 0.9 8.7 
2010–2016 5348 0.02 0.1 0.8 6.7 0.6 4.9 

Mechanics 1980–1989 94 0.03 0.4 1.6 18.7 1.1 13.7 
1990–1999 757 0.02 0.2 1.0 10.4 0.8 7.6 
2000–2009 4568 0.01 0.2 0.7 10.6 0.5 7.7 
2010–2016 3740 0.01 0.1 0.5 5.8 0.4 4.3 

Maintenance 1980–1989 36 0.02 0.8 1.2 42.1 0.9 30.9 
1990–1999 91 0.01 0.1 0.5 5.7 0.4 4.2 
2000–2009 2 0.08 0.1 4.2 7.0 3.1 5.1 
2010–2016 53 0.01 0.05 0.3 2.6 0.2 1.9 

Mechanical maintenance 1980–1989 39 0.02 0.1 1.0 6.4 0.8 4.7 
1990–1999 495 0.01 0.2 0.5 8.8 0.4 6.5 
2000–2009 429 0.01 0.09 0.5 4.9 0.4 3.6 
2010–2016 507 0.005 0.05 0.2 2.7 0.2 2.0 

Casting 1980–1989 15 0.12 0.9 6.1 44.7 4.5 32.8 
1990–1999 107 0.06 0.5 3.1 26.5 2.3 19.5 
2000–2009 22 0.09 0.3 4.9 16.2 3.6 11.9 
2010–2016 33 0.01 0.04 0.6 2.2 0.5 1.7 

Sandblasting and other mechanical surface treatment, e.g. soda and glass bead blasting 1980–1989 3 0.01 0.02 0.5 1.0 0.4 0.8 
1990–1999 18 0.01 0.6 0.5 31.7 0.4 23.3 
2000–2009 2 0.01 0.01 0.3 0.3 0.2 0.2 
2010–2016 7 0.005 0.01 0.3 0.3 0.2 0.2 

Md = Median, P95 = 95th percentile. 
a μg/g crea approximations assumed that 1 l urine contains 1.36 g crea. 

Fig. 1. Overall urinary total chromium concentrations in Finnish workers in 
years 2000–2016 (x-axis), all occupational sectors combined. Box plots: The 
bottom and top of the box are, respectively, the 25th and 75th percentiles. The 
horizontal line inside the box is the median (50th percentile). The lower and 
upper ends of the whiskers are the 5th and 95th percentiles, respectively. 
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better fits or correlation coefficients than formula 1 (formula 2 r2 = 0.87, 
formula 3 r2 = 0.679 and rs = 0.858, formula 1 r = 0.71). 

For welders, the 40-year (lifelong) occupational exposure assessment 
based on regression formulas 1–3 produced RR estimations of 1.38–1.78 
and AR estimations of 27–44% (data not shown). However, formula 4, 
which is based on measurements from welding (rs = 0.515), produced 
much higher risk estimates, an RR of 2.80 and an AR of 64% (Table 3). 

When the same calculations were performed using the median 
values, all RRs were close to 1 and ARs ≤10% for both platers and 
welders (data not shown). 

4. Discussion 

Cr(VI) compounds are hazardous for health, their key endpoint being 
lung carcinogenicity. Despite regulatory measures aiming to protect 
workers in Europe, occupational exposure to chromates remains a 
relevant concern. Therefore, risk assessment and, when prompted by it, 
appropriate risk management measures are essential. For a reliable 
exposure assessment, biomonitoring is an important tool in addition to 
occupational hygiene measurements of air concentrations, as it provides 
information on the actual internal exposure of workers. Here, we pre
sented urinary total chromium data collected from Finnish workers 
during 1980–2016, encompassing >42,000 samples. Based on these 
data and published correlations between air Cr(VI) and urinary total Cr 
levels (Chen et al., 2002; Lindberg and Vesterberg 1983; Viegas et al., 
2022), we calculated 40-year (lifelong) exposure levels to Cr(VI) com
pounds in the occupational sectors of plating and welding. This allowed 

us to calculate the RR and AR of occupational lung cancer for these two 
occupational sectors for the 40-year exposure period of 1980–2019. The 
risk assessment presented here is not intended to have direct regulatory 
implications, but to rather give risk estimates based on the presented 
biomonitoring data, and to more generally exemplify how bio
monitoring data can be useful in the Cr(VI) risk assessment. 

Over the whole study period, the measured U–Cr levels decreased 
overall (Table 1); even during the past two decades, the median and P95 
levels have decreased 40% and 64%, respectively (Fig. 1). A similar 
decreasing trend was observed also in Belgium, when Verdonck et al. 
(2021) analysed almost 3800 samples between 1998 and 2018, and 
observed a decreasing time trend of 30% in U–Cr levels. In our dataset, 
the only occupational sector that stood out in this regard was spraying, 
where the measured P95 U–Cr levels did not appear to have decreased, 
although median levels did. The workers in this sector performed 
varying tasks, but a large part were car painters in repairing shops. 
However, the number of samples in this sector, especially in the last two 
intervals of 2000–2009 and 2010–2016, were lower than in many other 
sectors, which may have affected the results. 

Of all the occupational sectors, the overall highest U–Cr levels were 
measured in casting, maintenance and welding in the interval of 
1980–1989. When the most recent task-specific data from years 
2010–2016 are compared to the literature data, the Finnish data are in 
line with the data from other countries. In a recent European bio
monitoring study, covering workers from nine different countries, San
tonen et al. (2022) reported median post-shift U–Cr levels of 1.12 μg/g 
crea in chrome platers (P95 was 7.70 μg/g crea). Similarly, Beattie et al. 
(2017) reported mean U–Cr of 1.2 μg/g crea and P90 level of 4.9 μg/g 
crea among 354 UK electroplating workers. Comparable U–Cr levels 
were reported also in an Italian study (Goldoni et al., 2010), whereas 
studies from Asia and Brazil showed clearly higher exposure levels in 
platers than those observed in European studies (summarised in a sys
tematic review by (Verdonck et al., 2021)). In European welders (San
tonen et al., 2022), reported median post-shift U–Cr levels of 0.68 μg/g 
crea, which are close to the levels observed here in Finnish welders 
during the interval 2010–2016. Similarly, in studies performed in Ger
many and in Italy, median U–Cr levels were between 0.74 and 0.9 μg/g 
crea (Pesch et al., 2018; Riccelli et al., 2018), whereas a recent Polish 
study showed somewhat higher urinary levels (median 3.81 μg/g crea) 
(Stanislawska et al., 2020). Also the above mentioned Belgian dataset 
showed U–Cr levels of 3.75 μg/L (geometric mean) for a job category 
“sheet and structural metal workers, moulders and welders, and related 
workers” during years 1998–2018 (Verdonck et al., 2021).To allow lung 
cancer risk assessment, published regression formulas were used to 
relate the measured internal exposures of workers to estimations of their 
external exposure levels. Such conversion methodology is commonly 
used by expert groups in setting of occupational exposure limits (ECHA 
2019b; European Commission 2018). As chromates are soluble, 
bioavailable and readily excreted in urine, U–Cr concentration is a 
relevant biomarker of Cr exposure. All of the regression formulas used 
here are based on measured data from workplaces on both total U–Cr 
and Cr(VI) air concentrations (Chen et al., 2002; Lindberg and Vester
berg 1983; Viegas et al., 2022). Recently, the new data from the 
HBM4EU project (Viegas et al., 2022) supported the earlier studies on 
the correlation of air Cr(VI) and U–Cr concentrations, providing further 
confidence to the use of U–Cr data in risk assessment. 

Here, external exposure estimation and subsequent lung cancer risk 
assessment was made only for plating and welding, as specific regression 
formulas to extrapolate from internal to external exposure were avail
able only for these two occupational sectors. In addition, these sectors 
had enough U–Cr measurements for a reliable assessment. Three 
different regression formulas were used for plating, only one was 
available for welding. Applying an appropriate regression formula is 
essential to gain representative results, as is illustrated by the differences 
in Table 2. All three plating regression formulas, and particularly the 
two more recent ones, yielded similar results for the plating sector, while 

Table 2 
Estimated occupational Cr(VI) air levels in Finland in 1980–2016 for plating and 
welding occupational sectors, based on biomonitoring data (P95, reflecting 
realistic worst-case). The measured U–Cr levels were converted into air con
centrations using four published regression formulas, based on biomonitoring 
and occupational hygiene measurements related to either chromium plating 
(1–3) or welding (4) activities.  

Occupational 
sector 

Interval n U–Cr, P95 
(μg/L) 

Estimated air 
concentrations (μg/ 
m3), according to the 
four regression 
formulas: 

1) 2) 3) 4) 

Plating 1980–1989 771 23.7 6 10 13 – 
1990–1999 857 17.2 5 7 10 – 
2000–2009 4657 10.6 3 4 6 – 
2010–2016 3631 6.3 2 3 3 – 

Welding 1980–1989 3232 40.0 10 16 23 53 
1990–1999 6806 20.8 6 8 12 27 
2000–2009 5651 11.9 3 5 6 15 
2010–2016 5348 6.7 2 3 3 8  

Table 3 
Lifelong (40-year, 1980–2019) occupational external exposure and risk assess
ments for platers and welders, based on biomonitoring data (P95, reflecting 
realistic worst-case). External exposure calculations were based on regression 
formulas related to either chromium plating (1–3) or welding (4) activities.  

Occup. 
sector 

Parameter Regression formula used 

1) 2) 3) 4) 

Plating Lifelong external Cr exposure (mg/ 
m3 x year) over 1980–2019 

0.16 0.23 0.32 – 

Relative lung cancer risk 1.28 1.41 1.56 – 
Attributable lung cancer risk (%) 22 29 36 – 

Welding Lifelong external Cr exposure (mg/ 
m3 x year) over 1980–2019 

– – – 1.03 

Relative lung cancer risk – – – 2.80 
Attributable lung cancer risk (%) – – – 64  
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the results for the welding sector obtained with the welding vs. plating 
regression formulas were quite different. It should be noted that in 
plating and welding, the exact chromium species are different. In 
plating, exposure is to highly soluble Cr(VI) compounds, like chromium 
trioxide (chromic acid), in an aerosol form. These highly soluble Cr(VI) 
particles are easily absorbed from the lungs, reduced to Cr(III) in the 
body and excreted rapidly to the urine (ATSDR 2012). However, weld
ing of stainless steel leads to exposure to ultra-fine and nano-sized 
chromium oxides, encapsulated in welding particles with lower 
water-solubility when compared to the soluble chromates. This results in 
higher lung retention and slower release in the systemic circulation, and 
consequently slower urinary excretion (Antonini et al., 2010; Scheepers 
et al., 2008). This difference in the kinetics is reflected in the regression 
formulas for plating and welding activities. 

Using the appropriate regression formulas, the resulting estimates of 
external exposure over the 40-year period (1980–2019) allowed us to 
assess lung cancer risks based on a published dose-response formula 
(Seidler et al., 2013). The realistic worst-case RR estimates for lung 
cancer risk, based on P95 values, were 1.28–1.56 for plating and 2.80 for 
welding. The RRs represent ratios of the probability of lung cancer 
occurring in the group occupationally exposed to Cr(VI) vs. the occu
pationally non-exposed group. The respective AR estimates for plating 
and welding were 22–36% and 64%, representing the excess risk of lung 
cancer caused by occupational Cr(VI) exposure. When calculated based 
on median values instead of the realistic worst-case P95 values, all RRs 
were close to 1 and ARs ≤10% for both platers and welders. However, 
extrapolation to the much lower median values may have introduced 
some added uncertainty. 

Risks can be also expressed as an estimate of excess cancer cases. 
Earlier cancer risk assessments by RAC (2013), DECOS (2016) and 
SCOEL (European Commission et al., 2017) resulted in excess life-time 
cancer risk estimations (for 40 years of occupational exposure) of 4 x 
10-3 at 1 μg Cr(VI)/m3, 20 x 10-3 at 5 μg/m3 and 94 x 10-3 at 25 μg/m3. 
Here, the 40-year lifelong occupational external exposure estimates 
were 160–320 μg/m3 x year for platers and 1030 μg/m3 x year for 
welders, averaging for platers 4–8 μg/m3 per year and for welders 26 
μg/m3 per year. According to the above-mentioned excess cancer risk 
estimations, these would correspond with rather high excess life-time 
cancer risks of 16–32 x 10-3 for platers and 98 x 10-3 for welders. 
These would mean 16–32 and 98 excess lung cancer cases per 1000 
workers due to occupational Cr(VI) exposure in plating and welding, 
respectively. It should be noted that these risk estimates are based on 
P95 levels, which can be considered to represent the realistic worst-case 
estimates. In addition, high exposure levels observed in the past have 
greater impact on the overall risk than the current exposure levels. 

In this paper, we have made a retrospective exposure and risk 
assessment, using a rather unique dataset of U–Cr biomonitoring data 
covering almost 40 years. Retrospective assessment may be needed for 
example for the diagnosis of occupational disease. In Finland, compen
sation for occupational cancer can be granted only if work can be 
established as the main cause of the cancer, meaning an AR of >50% or a 
100% increased RR (Santonen and Oksa 2013). For Cr(VI), Finnish 
guidelines have regarded a lifelong external occupational exposure level 
of 1 mg/m3 x year as the lower limit for high exposure that may be 
considered to support the diagnosis of occupational cancer. Based on 
this, most lung cancers in workers exposed to Cr(VI) compounds have 
not been registered as occupational diseases in Finland. Based on our 
biomonitoring data from welding, some cases with a long and pro
nounced occupational exposure history may reach those levels and fulfil 
this criterion for the compensation of occupational cancer. 

However, the lung cancer risk estimates presented here include 
several uncertainties, which must be considered. Foremost, the calcu
lations estimating external exposure levels (air concentrations) based on 
the biomonitoring data depend on the quality of the available regression 
formulas, as already briefly discussed above in relation to the data 
presented in Table 2. Particularly the correlation coefficient rs = 0.515 

of the welding regression formula by (Viegas et al., 2022) can be 
considered only moderate instead of very strong. Regarding the three 
regression formulas used for plating, the oldest one (formula 1 (Lindberg 
and Vesterberg 1983),) produced external exposure estimates that 
deviated quite a lot from those of the two newer formulas (2 and 3, 
(Chen et al., 2002; Viegas et al., 2022). As mentioned in the discussion 
by (Viegas et al., 2022), the r2 value of formula 1 was not reported by 
(Lindberg and Vesterberg 1983), but the correlation coefficient was 
somewhat lower. The reasons for the differences between the two newer 
and the older formula cannot be stated for sure, but they could include 
several aspects that have changed over the years, e.g. in the analytics 
and in the working environments (Viegas et al., 2022). suggested that 
the regression formula by (Lindberg and Vesterberg 1983) should not be 
used anymore for Cr(VI) BLV setting. Here however, considering that we 
estimated cancer risks related to an exposure period of 40 years, we 
consider that using multiple regression formulas from the different time 
periods provides more confidence to our assessment than only using one 
of the available regression formulas. Moreover, related to the use of 
regression formulas to convert biomonitoring data into estimates of 
external exposure concentrations, the assumptions made in this context 
(see chapter 2.2) must be considered. While all uncertainties related to 
the conversions of U–Cr to Cr(VI) air concentrations cannot be excluded, 
overall we consider that these uncertainties do not produce such a sig
nificant variation that would have hampered the analysis. 

Furthermore related to the uncertainties, U–Cr reflects total Cr 
exposure, while particularly welders are exposed to both non- 
carcinogenic Cr(III) and carcinogenic Cr(VI) compounds (Pesch et al., 
2018; Scheepers et al., 2008). Moreover, biomonitoring data reflects 
exposure via also other than the inhalation route, particularly ingestion 
due to hand to mouth contact might have an important role in both 
sectors. Other routes than the inhalation route are, however, not rele
vant to lung cancer. On the other hand, when using occupational sector 
specific regression formulas for the conversion of urinary levels into air 
levels, the relative contribution of dermal contamination and air expo
sure can be assumed to be similar. Finally, related to the uncertainties, 
the RRs obtained from the systematic review and meta-analysis by 
Seidler et al. (2013) are based on epidemiological data from the chro
mates industry. Therefore, they are not necessarily very well represen
tative for welding, as different chromium species are present in these 
two occupational sectors, as summarised above (Pesch et al., 2018; 
Scheepers et al., 2008). In addition, welders are exposed also to nickel 
oxides, which may increase the overall lung cancer risk in this group of 
workers (Pesch et al., 2019). 

The occupational sectors involving Cr(VI) exposure covered in this 
study are in the scope of different regulatory frameworks in Europe. 
Welding and e.g. production of stainless-steel are covered only under the 
Carcinogenic and Mutagenic Directive (CMD; 2004/37/EC), whereas for 
example chrome plating is covered both under CMD and REACH. Con
cerning welding, the analysis performed in this study suggests that 
inhalation exposure levels in welding activities are nowadays well below 
10 μg/m3, and most workplaces can achieve even levels well below 5 μg/ 
m3, which is the upcoming EU binding limit value for Cr(VI) in the CMD. 
Thus, the derogation given in CMD for welding or plasma-cutting pro
cesses, with an OEL value of 25 μg/m3 until 5 years after the trans
position date, seems unnecessary. 

According to the REACH regulation, all companies using Cr(VI) 
compounds must apply for authorisation of their uses. The REACH 
authorisation process is meant to promote the substitution of the most 
hazardous chemicals. However, due to technical reasons, substituting Cr 
(VI) compounds has not yet been possible in many applications, 
explaining the high number of authorisations being requested and 
granted at EU level (ECHA 2021a). In many authorisation applications 
published at ECHA’s webpages (ECHA 2021a), exposures in surface 
treatment activities (covering e.g. plating and spraying) have been 
estimated to stay below 2 μg/m3. These estimates are, in many cases, 
based on modelling. In cases that estimation was obtained through 
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measured data, further adjustments were done for the use of respiratory 
protection devices and for the frequency of the task being considered. 
Less common were the authorisation processes that included bio
monitoring data. Recently, ECHA’s RAC Capacity Building Seminar was 
organised to discuss the assessment of biomonitoring data in the context 
of the authorisation process under REACH (ECHA 2021b). In this 
meeting, it was decided that where there is a serious exposure concern, 
and suitable sampling and analytical methods are available, RAC may 
recommend biomonitoring. This will allow the European Commission 
the option of adding this to the decision, and if there is a history of 
biomonitoring evident in an application, RAC can recommend to the 
applicant to continue biomonitoring and use the data in an anonymised 
form as part of their future exposure assessment. Therefore, hopefully in 
the future, biomonitoring data will be more frequently used to support 
exposure and risk assessment also in the REACH authorisation process. 

In conclusion, the biomonitoring data presented here constitutes a 
rather unique dataset, which can help in the assessment of past occu
pational Cr exposures. In addition, our study exemplifies how U–Cr 
biomonitoring data can be converted to inhalation exposure estimates, 
and how it can be used to estimate lung cancer risks quantitatively. In 
addition, it summarises Finnish urinary chromium data from the past 40 
years, demonstrating a decreasing trend in occupational exposure to Cr 
(VI). The most recent data from 2010 to 2016 supports the other recently 
published Cr(VI) exposure data from Europe. However, even these 
exposure levels still correspond to a relatively high estimated occupa
tional cancer risk. 
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des Indicateurs biologiques d’exposition et recommandation de valeurs biologiques 
pour le Chrome VI et ses composés. Avis de l’Anses. Rapport d’expertise Ccllective, 
vol. 2017. Maisons-Alfort, France.  

Antonini, J.M., Roberts, J.R., Chapman, R.S., Soukup, J.M., Ghio, A.J., Sriram, K., 2010. 
Pulmonary toxicity and extrapulmonary tissue distribution of metals after repeated 
exposure to different welding fumes. Inhal. Toxicol. 22 (10), 805–816. https://doi. 
org/10.3109/08958371003621641. 

ATSDR, 2012. Toxicological Profile for Chromium. U.S. DEPARTMENT OF HEALTH AND 
HUMAN SERVICES, Public Health Service, Agency for Toxic Substances and Disease 
Registry, Atlanta, Georgia.  

Beattie, H., Keen, C., Coldwell, M., et al., 2017. The use of bio-monitoring to assess 
exposure in the electroplating industry. J. Expo. Sci. Environ. Epidemiol. 27 (1), 
47–55. https://doi.org/10.1038/jes.2015.67. 

Braver, E.R., Infante, P., Chu, K., 1985. An analysis of lung cancer risk from exposure to 
hexavalent chromium. Teratog. Carcinog. Mutagen. 5 (5), 365–378. https://doi.org/ 
10.1002/tcm.1770050507. 

Chen, J.-L., Guo, Y.-L., Tsai, P.-J., Su, L.-F., 2002. Use of inhalable Cr+6 exposures to 
characterize urinary chromium concentrations in plating industry workers. J. Occup. 
Health 44 (1), 46–52. https://doi.org/10.1539/joh.44.46. 

Cocker, J., Mason, H.J., Warren, N.D., Cotton, R.J., 2011. Creatinine adjustment of 
biological monitoring results. Occup. Med. 61 (5), 349–353. https://doi.org/ 
10.1093/occmed/kqr084. 

ECHA, 2013. Application for authorisation: establishing a reference dose response 
relationship for carcinogenity of hexavalent chromium. Available at: https://echa. 
europa.eu/documents/10162/13579/rac_carcinogenicity_dose_response_crvi_en.pd 
f/facc881f-cf3e-40ac-8339-c9d9c1832c32. 

ECHA, 2015. Appendix 1. Application for authorisation: adressing the intrinsic property 
“toxic for reproduction” of the Cr(VI) compounds listed in annex XIV except for lead 
chromate. RAC/35/2015/09. Available at: https://www.echa.europa.eu/document 
s/10162/21961120/rac_35_09_1_c_dnel_cr-vi-_en.pdf/8964d39c-d94e-4abc-8c 
8e-4e2866041fc6. 

DECOS, 2016. Health Council of The Netherlands. Cr VI Compounds, Health-Based 
Calculated Cancer Risk Values. Health Council of the Netherlands, Dutch Expert 
Committee for Occupational Standards, The Hague.  

ECHA, 2019a. Adopted opinions and previous consultations on applications. for 
authorisation at: https://echa.europa.eu/applications-for-authorisation-previous-co 
nsultations. (Accessed  November 2019). accessed.  

ECHA, 2019b. Appendix to Chapter R.8, Guidance for Preparing a Scientific Report for 
Health-Based Exposure Limits at the Workplace : Guidance on Information 
Requirements and Chemical Safety Assessment. European Chemicals Agency. htt 
ps://data.europa.eu/doi/10.2823/333736. 

ECHA, 2021a. Adopted opinions and previous consultations on applications for 
authorisation. https://echa.europa.eu/applications-for-authorisation-previous-cons 
ultations. 

ECHA, 2021b. Report of the 9th Meeting of the Committee for Risk Assessment Working 
Group on Applications for Authorisation (RAC-AFA WG). RAC WG/R/9/2021. Final 
12 October 2021. European Chemicals Agency, Helsinki, Finland.  

European Commission, 2018. European Commission, Directorate-General for 
Employment, Social Affairs and Inclusion. Methodology for Derivation of 
Occupational Exposure Limits of Chemical Agents : the General Decision-Making 
Framework of the Scientific Committee on Occupational Exposure Limits. SCOEL, 
p. 2017. https://doi.org/10.2767/435199. 

European Commission, Directorate-General for Employment Social Affairs and Inclusion, 
Hartwig, A., Klein, C., Kromhout, H., et al., 2017. SCOEL/REC/386 Chromium VI 
Compounds : Recommendation from the Scientific Committee on Occupational 
Exposure Limits. Publications Office. https://data.europa.eu/doi/10.2767/165340. 

Gibb, H.J., Lees, P.S., Pinsky, P.F., Rooney, B.C., 2000. Lung cancer among workers in 
chromium chemical production. Am. J. Ind. Med. 38 (2), 115–126. https://doi.org/ 
10.1002/1097-0274(200008)38:2<115::aid-ajim1>3.0.co;2-y. 

Goldoni, M., Caglieri, A., De Palma, G., et al., 2010. Chromium in exhaled breath 
condensate (EBC), erythrocytes, plasma and urine in the biomonitoring of chrome- 
plating workers exposed to soluble Cr(VI). J. Environ. Monit. 12 (2), 442–447. 
https://doi.org/10.1039/b914673c. 

Hayes, R.B., Lilienfeld, A.M., Snell, L.M., 1979. Mortality in chromium chemical 
production workers: a prospective study. Int. J. Epidemiol. 8 (4), 365–374. https:// 
doi.org/10.1093/ije/8.4.365. 

IARC, 2012. IARC Monographs on the evaluation of carcinogenic risks to humans. 
Volume 100C Chromium (VI) comp. Available: https://publications.iarc.fr/120. 

Kapp, R., 2005. Chromium hexavalent compounds. In: Wexler, P. (Ed.), Encyclopedia of 
Toxicology, second ed. Elsevier, New York, pp. 602–606. 
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