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Abstract: (1) Background: To estimate the cumulative exposure to respirable crystalline silica (RCS)
that reduces lung function to an extent corresponding with airway obstruction equivalent to chronic
obstructive pulmonary disease (COPD). (2) Methods: The study is based on a miners’ cohort with
longitudinal data on lung function and RCS exposure. Random-effects linear regression models,
allowing for a possible threshold concerning the exposure concentration were used to analyze the
impact of RCS on the ratio of forced expiratory volume in 1 s and forced vital capacity (FEV1/FVC).
The proposed threshold is the amount of RCS resulting in a decrease in FEV1/FVC from the expected
value to the lower limit of normal. (3) Results: The analysis shows that a threshold model fits the
data significantly better than the usual linear model. The estimated threshold value for the exposure
concentration is 0.089 mg/m3. Using this threshold, the estimate for the corresponding reference dose
for RCS is 2.33 mg/m3

·y. (4) Conclusions: The analysis confirmed that RCS has a negative impact on
lung function. The effect is primarily due to exposure above a concentration threshold of 0.1 mg/m3.
It is recommended that COPD should be compensated as an occupational disease if cumulative
exposure was at least 2 mg/m3

·y above this threshold.

Keywords: chronic obstructive pulmonary disease; respirable crystalline silica; threshold models;
epidemiology; compensation

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of chronic morbidity and mortality
worldwide, especially in subjects over 40 years of age. Although tobacco smoking is the most important
single risk factor for COPD, studies have shown that occupation contributes to 15 to 20% of COPD
cases [1–6]. Respirable crystalline silica (RCS) is one of the most widespread occupational exposures
associated with COPD. A meta-analysis has shown that occupational exposure to RCS was associated
with a statistically significant decrease in forced expiratory volume in 1 s (FEV1) and FEV1/forced
vital capacity (FVC), revealing airway obstruction consistent with COPD [7]. However, most of the
studies included are cross-sectional and the results of the studies are usually not suitable for deriving
quantitative estimates of the relationship between RCS exposure and COPD. One longitudinal study
attempted to quantify the risk of developing COPD depending on cumulative RCS exposure, adjusting
for smoking [8]. However, the outcome classification was based only on the pre-bronchodilator
FEV1/FVC ratio, which led to an overestimation of the number of COPD cases, and thus to biased
risk estimates. Consequently, these results cannot be used to derive a criterion for compensation
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in occupational diseases law. The aim of the present analysis is to develop a new methodological
approach which can be used to derive such a criterion, and thus also to enable the recognition of
RCS-related COPD as an occupational disease in Germany outside the coal mining industry.

2. Materials and Methods

We report this study according to the Strengthening the Reporting of Observational Studies in
Epidemiology guidelines [9].

2.1. Study Population

The study population is a sub-cohort of the German uranium miners cohort study [10,11] and
was already used in a previous analysis [8]. In brief, the sub-cohort consists of subjects born between
1954 and 1956 to ensure that none of the study subjects had worked underground in the mines before
1971. The reason for this restriction was that by 1970, the working conditions had improved to a point
where international standards of industrial hygiene and radiation protection were being met. Further
details of the cohort composition are described elsewhere [8,10].

Ethics Approval: The data protection officer of the Federal Institute for Occupational Safety and
Health and the Institutional Review Board approved the study design.

2.2. Lung Function Data

The lung function data were taken from the documentation of the occupational health check-ups
carried out every 2 years [12]. Particularly because of the high incidence of silicosis among those miners
who worked in uranium ore mining in the early post-war years, the occupational health examination
focused on the early detection of respiratory diseases. For this purpose, a special spirometer was
even developed by the mining company (Stollberg spirometer) and was used throughout the entire
study period. The occupational medical examination was usually carried out before the morning shift.
The pulmonary function testing (PFT) was performed without the administration of a bronchodilator.

2.3. Exposure Assessment

Detailed information about miner’s occupational histories comprises data on mining facility/shaft,
job type, number of shifts, and periods of absence on a daily basis. The German Statutory Accident
Insurance (DGUV) collected these data from payrolls and personal files [10]. In combination with a
comprehensive job-exposure matrix, based on extensive site-by-site measurements for the original
mine equipment until the 1980s [13], estimates of the cumulative RCS exposure for each miner until the
dates of each medical check-up performed were calculated. Further details are described elsewhere [8].

2.4. Statistical Methods

The major criterion for the definition of COPD is based on post-bronchodilator FEV1/FVC.
According to the GOLD criteria, a COPD is assumed if FEV1/FVC is below 0.7 [14]. However, normal
spirometry may be defined by an approach from the Global Lung Initiative (GLI), taking into account
ethnicity, gender, body height, and spirometric variability across the lifespan [15]. Based on more than
70,000 records of healthy nonsmokers, a suitable power transformation for the distribution of the ratio
FEV1/FVC was derived using the LMS method [15–17]. The distribution of the transformed value,
defined by

z =

(FEV1

FVC
/µ

)λ
− 1

λ·σ
(1)

and referred to as z-score, is close to the standard normal distribution. Here, λ represents the skewness,
µ the expected value and σ the coefficient of variation in the distribution function. The GLI diagnostic
approach has a cut-off at the lower level of normal (LLN) values for the ratio FEV1/FVC, where LLN
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classifies the bottom 5% of the healthy population as abnormal. Both approaches have their advantages
and disadvantages. For younger subjects, LLN is above 0.7, but below 0.7 for people over 50 years of
age. Considering that for our cohort, only pre-bronchodilator data are available, we prefer the GLI
approach and we use the corresponding z-score for the subsequent analysis.

In our methodological approach, we assume that a COPD can be regarded as RCS-induced if RCS
has caused a decrease in FEV1/FVC from the expected value µ down to the level LLN or, equivalently,
the z-score, to decrease by 1.645 (from 0 to −1.645). Thus, a reference dose for RCS can be estimated
knowing the average decrease in z score per unit RCS. Because the z-score already takes into account
the impact of age, gender, ethnicity, and body height, it seems plausible to consider z only as a function
of RCS exposure and smoking status. Random-effects linear regression models were used to analyze
the impact of RCS exposure on z. The class of models was further extended to allow for a possible
threshold for the concentration of RCS using the approach described by Ulm [18]. Hence, z can be
modelled by

zit = β0 − β1 ×RCSit + β2 × SMOKERi + u0i + εi j (2)

where i = 1, . . . , n denotes the cohort subject and t = 1, . . . , it the number of PFT.
RCSit(τ) denotes the cumulative exposure in the relevant time period above the threshold τ,
i.e., RCSit(τ) =

∑t
j=1

[(
timei, j − timei, j−1

)
× I(ci j≥τ) ×

(
ci j − τ

)]
, and I(ci j≥τ) is the corresponding indicator

function regarding the average RCS concentration ci j for subject i in the respective time period, with the
values 0 and 1. SMOKERi are binary variables, which indicate subject’s smoking status (never/ever).
The term u0i was introduced as a random intercept for miner i.

All (integer) concentration values between 0 and 160 µg/m3 were assumed as potential threshold
values. By including the “0”, the model without threshold value is also included in the comparison.
A 95% confidence interval for the estimator τ̂ can be determined using the likelihood ratio test statistics
D(τ) = 2× (ln L(τ̂) − ln L(τ)) < χ2

1,0.95, which follows a χ2-distribution with one degree of freedom [18].
The reference dose, hereinafter referred to as RCSLLN(τ), is then obtained as the quotient of 1.645 and
β1. It represents an estimate of the cumulative RCS dose, which, on average, results in a reduction in
FEV1/FVC from the predicted value to LLN.

In the previous analysis [8], instead of the pure smoking status, the years of smoking were
taken into account. To allow a better comparison with these results, the following model was used
for comparison

zit = β0 − β1 ×RCSit + u0i + u1i × syrit + u2i × usyrit + εit (3)

The number of years a miner smoked between the first and t-th spirometry for a continuous
smoker and a miner with uncertain smoking status are denoted by syrit and usyrit, respectively.
Moreover, random slopes u1i and u2i were considered to account for differences between miners
regarding intensity of tobacco consumption. Model parameters were estimated by mixed-effects
maximum-likelihood regression.

Akaike’s information criterion as well as the Bayesian information criterion were used to compare
goodness of fit for models [19,20]. All statistical analyses were performed using the STATA package
release 16.1 [21]. A uniform significance level of α = 0.05 was used for statistical tests.

3. Results

Three subjects had to be excluded from the original database because of a wrong match between
individual exposure and health data. Therefore, the final database contains 7116 data records for 1418
miners in the age range from 18 to 36 years. More than half of the miners were younger than 20 years
at hire. Due to the closure of the East German uranium mines by the end of 1990, the age at last PFT
by the occupational health check-ups was not more than 36 years. For 9.3% of the cohort, the first
recorded value for FEV1/FVC was below LLN, for 5.1% even below 0.7. None of the miners were
diagnosed with silicosis. Further characteristics of the cohort are given elsewhere [8].
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Analysis of the complete dataset shows that a threshold model fits the data significantly better
than the usual linear model. The threshold value for the exposure concentration is estimated to be
0.089 mg/m3 (95%CI: 0.071 to 0.101 mg/m3). Applying this threshold leads to a significant improvement
in model fitting compared to the model without threshold value. In this model the z-score is reduced
by 0.706 (95%CI: 0.528 to 0.884) per 1 mg/m3

·y of cumulative RCS exposure above this threshold.
Accordingly, the estimate for the reference dose RCSLLN(0.089) is 2.33 (95%CI: 1.86 to 3.11) mg/m3

·y.
The corresponding results for some sub-cohorts are given in Table 1. Since the estimates for the threshold
value are different in the sub-cohorts, the estimates for the reference dose were additionally calculated
based on a uniform threshold value τ = 0.1 mg/m3 in order to enable better comparability of the
results. Some exposure characteristics of the investigated sub-cohorts are shown in Table 2. The highest
gradient in terms of RCS exposure was determined for miners who had stopped mining uranium before
9 November 1989 (with the fall of the Berlin Wall on 9 November 1989 and the associated political
changes, it quickly became clear that uranium ore mining would soon come to an end).

Table 1. Estimates for the reference dose of respirable crystalline silica based on threshold models and
random effects maximum-likelihood regression (95%CI in parentheses).

Subcohort nmin N τ
Based on Best Estimate for τ Based on τ = 0.1

β RCSLLN(τ) β RCSLLN(0.1)

2 1418 0.000 0.165 9.96 (7.51 to 14.8)
2 1418 0.089 (0.071 to 0.101) 0.706 2.33 (1.86 to 3.11) 0.840 1.96 (1.56 to 2.64)
5 721 0.092 (0.077 to 0.105) 0.755 2.18 (1.70 to 3.02) 0.862 1.91 (1.49 to 2.66)
8 268 0.094 (0.073 to 0.116) 0.731 2.25 (1.58 to 3.90) 0.820 2.01 (1.41 to 3.49)

Non-smokers 2 231 0.076 (0.000 to 0.116) 0.534 3.08 (1.99 to 6.79) 0.664 2.48 (1.56 to 6.04)
Regular smokers 2 867 0.130 (0.071 to 0.147) 1.522 1.08 (0.81 to 1.64) 0.891 1.85 (1.37 to 2.82)
≥ 0.5 mg/m3

·y 2 824 0.094 (0.077 to 0.109) 0.680 2.42 (1.87 to 3.43) 0.746 2.20 (1.70 to 3.14)
≥ 1.0 mg/m3

·y 2 441 0.092 (0.068 to 0.111) 0.576 2.86 (2.10 to 4.46) 0.645 2.55 (1.87 to 4.03)
≥ 1.5 mg/m3

·y 2 184 0.093 (0.047 to 0.116) 0.600 2.74 (1.95 to 4.63) 0.660 2.49 (1.77 to 4.22)
Early exit 2 450 0.072 (0.039 to 0.094) 0.759 2.17 (1.54 to 3.66) 1.135 1.45 (0.99 to 2.71)
Later exit 2 968 0.091 (0.074 to 0.105) 0.701 2.35 (1.82 to 3.31) 0.807 2.04 (1.57 to 2.90)

max(c) < 0.1 mg/m3 2 797 0.000 0.060 27.5 (8.9 to∞ )

nmin—Required minimum number of records per subject. N—Number of subjects included in the model.
τ—Threshold value for exposure concentration of respirable crystalline silica (mg/m3). β—Coefficient for the
reduction in the z-score of. FEV1/FVC per 1 mg/m3

·y above τ. RCSLLN (τ)—Reference dose for the reduction of the
FEV1/FVC down to LLN for a given threshold value τ. Early exit—Termination of work in the uranium mines no
later than 9 November 1989. max(c)—Maximum exposure concentration.

Table 2. Some characteristics of subgroups (means (interquartile ranges) or percentages).

Sub-Cohort N
Duration of

Employment (Years)
Mean Concentration

of RCS (mg/m3)
Mean Cumulative

Exposure (mg/m3
·y)

Smoking Status (%)

Never Regular Intermittent

All miners 1418 12.8 (9.3 to 16.8) 0.072 (0.034 to 0.099) 0.764 (0.288 to 1.140) 16.3 61.1 22.6
Non-smokers 231 13.2 (9.9 to 17.3) 0.072 (0.025 to 0.100) 0.745 (0.275 to 1.052) 100 0 0

Regular smokers 867 12.4 (8.1 to 16.5) 0.073 (0.038 to 0.101) 0.747 (0.270 to 1.125) 0 100 0
nmin ≥ 5 721 14.9 (13.3 to 17.3) 0.075 (0.044 to 0.098) 0.971 (0.531 to 1.346) 15.0 57.7 27.3
nmin ≥ 8 268 16.3 (14.6 to 18.3) 0.074 (0.051 to 0.098) 1.112 (0.727 to 1.504) 11.6 53.3 35.1

≥0.5 mg/m3
·y 824 14.6 (12.8 to 17.3) 0.093 (0.070 to 0.109) 1.129 (0.750 to 1.464) 15.3 60.3 24.4

≥1.0 mg/m3
·y 441 16.2 (14.7 to 18.3) 0.105 (0.087 to 0.115) 1.465 (1.177 to 1.683) 14.5 59.2 26.3

≥1.5 mg/m3
·y 184 17.0 (15.9 to 18.3) 0.120 (0.101 to 0.132) 1.799 (1.600 to 1.857) 18.5 56.0 25.5

Early exit 450 9.0 (5.3 to 12.6) 0.073 (0.033 to 0.102) 0.536 (0.193 to 0.772) 13.6 68.9 17.5
Later exit 968 14.6 (13.0 to 17.3) 0.072 (0.034 to 0.098) 0.870 (0.361 to 1.281) 17.6 57.5 24.9

Max(c) < 0.1 mg/m3 797 12.2 (8.0 to 16.2) 0.046 (0.022 to 0.065) 0.445 (0.203 to 0.628) 17.2 59.7 23.1

N—Number of subjects included in the subgroup. Early exit—Termination of work in the uranium mines no later
than 9 November 1989. max(c)—Maximum exposure concentration over all exposure periods.

The consideration of time of smoking led to a significantly better goodness of fit for the model [3].
However, the change in risk estimates concerning RCS is marginal in comparison to model [2]
(see Table 3). However, due to the higher number of model parameters, the respective confidence
intervals are wider.
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Table 3. Estimates for the reference dose of respirable crystalline silica based on threshold models
using mixed-effects maximum-likelihood regression (95%CI in parentheses).

Subcohort nmin N τ
Based on Best Estimate for τ Based on τ = 0.1

β RCSLLN(τ) β RCSLLN(0.1)

2 1418 0.000 0.180 9.12 (6.22 to 17.06)
2 1418 0.084 (0.065 to 0.106) 0.573 2.87 (2.16 to 4.28) 0.701 2.35 (1.75 to 3.56)
5 721 0.084 (0.047 to 0.102) 0.642 2.56 (1.91 to 3.88) 0.769 2.14 (1.58 to 3.31)
8 268 0.084 (0.017 to 0.116) 0.581 2.83 (1.83 to 6.31) 0.703 2.34 (1.49 to 5.46)

Non-smokers 2 231 0.077 (0.007 to 0.121) 0.543 3.03 (1.94 to 6.90) 0.670 2.46 (1.54 to 6.15)
Regular smokers 2 867 0.131 (0.061 to 0.152) 1.245 1.32 (0.90 to 2.51) 0.731 2.25 (1.49 to 4.56)
≥ 0.5 mg/m3

·y 2 824 0.094 (0.073 to 0.133) 0.553 2.97 (2.11 to 5.02) 0.594 2.77 (1.96 to 4.70)
≥ 1.0 mg/m3

·y 2 441 0.093 (0.055 to 0.144) 0.447 3.68 (2.37 to 8.20) 0.476 3.46 (2.22 to 7.83)
≥ 1.5 mg/m3

·y 2 184 0.082 (0.000 to 0.137) 0.397 4.15 (2.46 to 13.2) 0.448 3.68 (2.16 to 12.4)
Early exit 2 450 0.072 (0.023 to 0.133) 0.644 2.55 (1.59 to 6.41) 0.866 1.90 (1.13 to 6.03)
Later exit 2 968 0.089 (0.064 to 0.109) 0.604 2.72 (1.99 to 4.33) 0.687 2.39 (1.73 to 3.86)
max(c) < 0.1 mg/m3 2 797 0.000 0.052 31.5 (7.18 to∞ )

nmin—Required minimum number of records per subject. N—Number of subjects included in the model.
τ—Threshold value for exposure concentration of respirable crystalline silica (mg/m3). β—Coefficient for the
reduction of the z score of FEV1/FVC per 1 mg/m3

·y above τ. RCSLLN (τ)—Reference dose for the reduction in the
FEV1/FVC down to LLN for a given threshold value τ. Early exit—Termination of work in the uranium mines not
later than 9 November 1989. max(c)—Maximum exposure concentration

4. Discussion

Based on an inception cohort comprising more than 1400 miners with a follow-up of, on average,
more than 12 years and five pulmonary function tests, evidence was found for an exposure–response
relationship between cumulative RCS exposure and pre-bronchodilator lung function with a threshold
for a exposure concentration of about 0.1 mg/m3. The analysis of the cohort, restricted to those
miners with an average exposure concentration of less than 0.1 mg/m3 in all time periods between two
consecutive PFTs (N = 797), supports the existence of a threshold. The estimate for the corresponding
parameter β1 is only 0.060 (95%CI: −0.066 to 0.186) and it is not significantly elevated (p > 0.3).
Finally, if we only consider those miners (N = 386) whose exposure concentration is below the current
occupational exposure limit (OEL) of 0.05 mg/m3 in Germany, the estimate for β1 drops to 0.051 (95%CI:
−0.318 to 0.420; p > 0.7). Thus, our study supports the conclusion drawn from a review of longitudinal
studies in a number of industries that loss of lung function occurs with exposure to silica dust at
concentrations of 0.1 mg/m3 and above [22]. It should also be noted that a threshold of 0.1 mg/m3 for
compensation claims is not in conflict with the OEL. The latter is below almost all of the confidence
intervals given in Table 1, which we consider necessary for the purpose of prevention.

4.1. Strengths and Weaknesses

A major strength of our study is that reliable exposure data are available for all study subjects.
Moreover, the pulmonary function tests took place under largely comparable framework conditions
with the same equipment and with centrally trained staff throughout the study period.

We are aware of some weaknesses of our study. Our lung function data do not extend beyond the
age of 36, i.e., they are well ahead of the time at which COPD clinically manifests, on average. This can
lead to a bias in the extrapolation of the results into older age groups. The early observation phase may
also have led to an underestimation of the impact of smoking. The analysis of the non-smokers showed
that, for them, a significantly weaker decline in lung function parameters was observed. On the other
hand, the estimated reference dose increases with cumulative exposure (Tables 1 and 3). In addition,
a higher reference dose was also calculated for miners who worked until the mines were closed,
and thus worked much longer than those who left early. Another important issue is the definition of
COPD in our study. In the previous analysis, a prevalence of COPD of 16.4% (stage I+, GOLD) and
9.3% (stage II+, GOLD) had been reported based solely on pre-bronchodilator lung function values.
On the basis of the initial PFTs (mean age 23 years), the prevalence would have been 5.1% (stage I+,
GOLD) and 3.0% (stage II+, GOLD) or even 9.3% (stage I+, GLI).



Int. J. Environ. Res. Public Health 2020, 17, 9040 6 of 9

Data on the prevalence of COPD in the age group below 40 are scarce. From the Third National
Health and Nutrition Examination Survey a prevalence for COPD (stage II+, GOLD) of 1.7% was
reported in the 30–34 age group [23]. Furthermore, in a European cohort study, the incidence of
COPD (stage I+, GOLD) in the age group 20–30 years was estimated at 1.5 per 1000 personyears [24].
The considerable effects of using the pre- instead of the post-bronchodilator values were also evident
from other studies [25,26].

The use of a COPD definition based solely on pre-bronchodilator spirometry has thereby led to
an overestimation of the prevalence in the previous analysis. To mitigate this issue, we use, in our
present approach, only the estimates for the RCS-induced declines in lung function instead of the lung
function parameters itself. We assume that this decline can also serve as a good approximation for
the decline in post-bronchodilator lung function due to RCS, and that it is independent of the clinical
symptoms of COPD (such as cough, sputum and shortness of breath).

4.2. Healthy Worker Effect

From the results presented in Table 2, the significantly stronger decrease for miners who left
uranium ore mining early is striking, which, in turn, suggests an HWE. However, the comparison
of these miners with those who were still employed after the cut-off date shows that the former
already had significantly worse lung function at the first spirometry, corresponding to 4.3 percentiles.
This difference increased to 4.9 percentiles by the last available spirometry, even though the cumulative
RCS exposure of the miners who left the mine early under virtually identical exposure conditions and
the exposure time was one third lower than for the other miners (Table 4). The significantly higher
proportion of smokers in this group suggests that tobacco consumption may be the main cause of this
apparent HWE, especially since bonus cigarettes were an integral part of the wage system in uranium
mining. Other studies have also shown that heavy smokers already have a four-fold risk of COPD in
young adults compared to non-smokers [24].

Table 4. Mean and 95%CI for FEV1/FVC and related parameters for early vs. late exit from mining job.

Spirometry Parameter Early Exit Late Exit

N 450 968
Never-smokers (%) 13.6 17.6
Regular smokers (%) 68.9 57.5

First RCS (mg/m3
·y) 0.13 (0.11 to 0.15) 0.22 (0.20 to 0.24)

FEV1/FVC-µ (%) −2.42 (−1.79 to −3.07) −1.65 (−1.19 to −2.11)
z score −0.31 (−0.21 to −0.40) −0.18 (−0.11 to −0.25)
P(z) 41.6 (39.0 to 44.2) 45.9 (44.0 to 47.8)

Last Elapsed time (y) 5.6 (5.2 to 5.9) 8.8 (8.5 to 9.1)
RCS (mg/m3

·y) 0.54 (0.49 to 0.58) 0.87 (0.83 to 0.91)
FEV1/FVC-µ (%) −3.53 (−2.85 to −4.21) −2.41 (−1.91 to −2.90)
z score −0.48 (−0.38 to −0.58) −0.31 (−0.23 to −0.38)
P(z) 37.7 (35.0 to 40.3) 42.6 (40.7 to 44.6)

µ—Expected value of FEV1/FVC, depending on age and body height (%). P(z)—Percentile of z.

Unfortunately, quantitative data on smoking were not available for the cohort. In this respect,
the differences between the estimates for regular smokers and non-smokers are likely to underestimate
the real effect of smoking.

4.3. Alternative Model Approaches

In the approach described so far, the z score is used as the underlying metric. Similarly, the ratio
FEV1/FVC can be used without transformation. Analogous to models [2] and [3], we can now consider
a model with ∆ = (FEV1/FVC) − µ instead of z as the dependent variable. The coefficient for
the decrease in ∆ is then set in relation to the difference between the predicted value µ and LLN,
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i.e., about 0.104 in the age range from 20 to 70 years. The corresponding results differ only slightly
from those of the approach described above. For example, under model [2], taking into account the
entire data pool τ = 0.090 mg/m3 is estimated as the optimal threshold value and from τ = 0.1 results
RCSLLN (0.1) = 1.96 mg/m3

·y (95%CI: 1.54–2.69).
Another possibility would be to convert the z score into the corresponding percentile using the

distribution function of the standard normal distribution, i.e., Φ(z) × 100 in the value range (0, 100)
is examined. In this metric, the difference between the predicted value and LLN is 45 (the predicted
value corresponds to 50 and LLN to 5). However, when comparing the goodness of fit, this approach
scores worse than the other two approaches.

4.4. Practical Examples

A large study showed that COPD was significantly more common in miners (33%) than non-miners
(26%) [27]. However, no quantitative data on RCS exposure were available. It is therefore difficult
to make a decision under these conditions as to which of the COPD cases among the miners is to be
recognized as an occupational disease. The exposure concentration can be very different, even if the
workers perform similar work. For example, the range of exposure concentration in 90 Norwegian
tunnel workers varied between 0.005 and 1.041 mg/m3 [28].

The above analyses show that the negative impact of RCS is primarily due to exposure above a
concentration threshold of about 0.1 mg/m3. An average of 2 mg/m3

·y RCS above this concentration
threshold leads to a decrease in the ratio FEV1/FVC to the level of LLN. In a study on Swedish
granite crushers, the mean duration of exposure was 22 years and the mean cumulative exposure was
7 mg/m3 [29]. Hence, the mean concentration was 0.32 mg/m3, i.e., 0.22 mg/m3 above the estimated
concentration threshold. Thus, assuming a constant concentration of 0.32 mg/m3, a granite crusher
would have reached the reference dose of 2 mg/m3

·y RCS after 9 years and one month. If he was
diagnosed with COPD at this time or later, it would have to be recognized as occupational. A recent
study among Norwegian rock drillers serve as another example [30]. Among the listed job categories,
only the rock driller using feed mounted control panel (0.24 mg/m3 RCS) was exposed above the
threshold level. He would reach the reference dose after 16 years and 8 months of constant exposure at
this level, so that a potential COPD, in his case, would be considered occupational from that time on.

5. Conclusions

The present analysis has confirmed that RCS has a negative impact on lung function. However,
the effect is primarily due to exposure above a concentration threshold of about 0.1 mg/m3. An average
of 2 mg/m3

·y RCS above this concentration threshold leads to a decrease in the ratio FEV1/FVC to the
level of LLN, although this cumulative measure should be regarded as a conservative estimate. It is
therefore recommended to recognize a COPD according to the GOLD definition [14] as an occupational
disease if the cumulative RCS-exposure above the concentration threshold of 0.1 mg/m3 is more
than 2 mg/m3

·y.

Author Contributions: M.M. and D.N. have jointly designed the methodological approach. M.M. performed the
statistical analysis and wrote the first draft of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding. It was done within the normal activities of both authors.

Acknowledgments: The authors wish to acknowledge: the Department of Radiation Protection and Health,
Federal Office for Radiation Protection, for the provision of the exposure data; B.B., R.E., S.L., A.M., R.M. and A.S.
for data acquisition from the medical records; J.G. for the management and supervision of data acquisition; R.S.
and M.L. for programming and managing the database of lung function data; and N.K. for the validation of the
lung function data.

Conflicts of Interest: All authors declare that they have no competing interest. The decision to submit this
manuscript for publication is that of the authors.



Int. J. Environ. Res. Public Health 2020, 17, 9040 8 of 9

References

1. Hnizdo, E.; Sullivan, P.A.; Bang, K.M.; Wagner, G. Association between chronic obstructive pulmonary
disease and employment by industry and occupation in the US population: A study of data from the Third
National Health and Nutrition Examination Survey. Am. J. Epidemiol. 2002, 156, 738–746. [CrossRef]

2. Rosenberg, S.R.; Kalhan, R.; Mannino, D.M. Epidemiology of Chronic Obstructive Pulmonary Disease:
Prevalence, Morbidity, Mortality, and Risk Factors. Semin. Respir. Crit. Care Med. 2015, 36, 457–469. [PubMed]

3. Trupin, L.; Earnest, G.; San Pedro, M.; Balmes, J.R.; Eisner, M.D.; Yelin, E.; Katz, P.P.; Blanc, P.D. The occupational
burden of chronic obstructive pulmonary disease. Eur. Respir. J. 2003, 22, 462–469. [CrossRef] [PubMed]

4. Balmes, J.R. Occupational contribution to the burden of chronic obstructive pulmonary disease. J. Occup.
Environ. Med. 2005, 47, 154–160. [CrossRef] [PubMed]

5. Omland, O.; Wurtz, E.T.; Aasen, T.B.; Blanc, P.; Brisman, J.B.; Miller, M.R.; Pedersen, O.F.; Schlunssen, V.;
Sigsgaard, T.; Ulrik, C.S. Occupational chronic obstructive pulmonary disease: A systematic literature review.
Scand. J. Work Environ. Health 2014, 40, 19–35. [CrossRef] [PubMed]

6. Blanc, P.D.; Eisner, M.D.; Earnest, G.; Trupin, L.; Balmes, J.R.; Yelin, E.H.; Gregorich, S.E.; Katz, P.P. Further
exploration of the links between occupational exposure and chronic obstructive pulmonary disease. J. Occup.
Environ. Med. 2009, 51, 804–810. [CrossRef]

7. Brüske, I.; Thiering, E.; Heinrich, J.; Huster, K.M.; Nowak, D. Respirable quartz dust exposure and airway
obstruction: A systematic review and meta-analysis. Occup. Environ. Med. 2014, 71, 583–589. [CrossRef]

8. Möhner, M.; Kersten, N.; Gellissen, J. Chronic obstructive pulmonary disease and longitudinal changes in
pulmonary function due to occupational exposure to respirable quartz. Occup. Environ. Med. 2013, 70, 9–14.
[CrossRef]

9. Von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gotzsche, P.C.; Vandenbroucke, J.P. The Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting
observational studies. Epidemiology 2007, 18, 800–804. [CrossRef]

10. Kreuzer, M.; Schnelzer, M.; Tschense, A.; Walsh, L.; Grosche, B. Cohort profile: The German uranium miners
cohort study (WISMUT cohort), 1946–2003. Int. J. Epidemiol. 2010, 39, 980–987. [CrossRef]

11. Kreuzer, M.; Sogl, M.; Brüske, I.; Möhner, M.; Nowak, D.; Schnelzer, M.; Walsh, L. Silica dust, radon and
death from non-malignant respiratory diseases in German uranium miners. Occup. Environ. Med. 2013,
70, 869–875. [CrossRef] [PubMed]

12. WISMUT SDAG Tabellen der Gesundheitsstufen für Einstellungs- und Überwachungsuntersuchungen; Gesundheitswesen
Wismut: Niederdorf, Germany, 1972.

13. Dahmann, D.; Bauer, H.D.; Stoyke, G. Retrospective exposure assessment for respirable and inhalable dust,
crystalline silica and arsenic in the former German uranium mines of SAG/SDAG Wismut. Int. Arch. Occup.
Environ. Health 2008, 81, 949–958. [CrossRef] [PubMed]

14. GOLD. Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease
(2020 Report); Global Initiative for Chronic Obstructive Lung Disease, Inc.: Fontana, WI, USA, 2020; p. 125.

15. Quanjer, P.H.; Stanojevic, S.; Cole, T.J.; Baur, X.; Hall, G.L.; Culver, B.H.; Enright, P.L.; Hankinson, J.L.;
Ip, M.S.; Zheng, J.; et al. Multi-ethnic reference values for spirometry for the 3–95-yr age range: The global
lung function 2012 equations. Eur. Respir. J. 2012, 40, 1324–1343. [CrossRef] [PubMed]

16. Cole, T.J.; Stanojevic, S.; Stocks, J.; Coates, A.L.; Hankinson, J.L.; Wade, A.M. Age- and size-related reference
ranges: A case study of spirometry through childhood and adulthood. Stat. Med. 2009, 28, 880–898. [CrossRef]

17. Vaz Fragoso, C.A.; Gill, T.M.; McAvay, G.; Van Ness, P.H.; Yaggi, H.K.; Concato, J. Use of lambda-mu-
sigma-derived Z score for evaluating respiratory impairment in middle-aged persons. Respir. Care 2011,
56, 1771–1777. [CrossRef]

18. Ulm, K. A statistical method for assessing a threshold in epidemiological studies. Stat. Med. 1991, 10, 341–349.
[CrossRef]

19. Akaike, H. A new look at the statistical model identification. IEEE Trans. Autom. Control 1974, 19, 716–723.
[CrossRef]

20. Schwarz, G. Estimating the Dimension of a Model. Ann. Stat. 1978, 6, 461–464. [CrossRef]
21. StataCorp LLC. Stata: Release 16. Statistical Software; Stata Press: College Station, TX, USA, 2019.
22. Rushton, L. Chronic obstructive pulmonary disease and occupational exposure to silica. Rev. Environ. Health

2007, 22, 255–272. [CrossRef]

http://dx.doi.org/10.1093/aje/kwf105
http://www.ncbi.nlm.nih.gov/pubmed/26238634
http://dx.doi.org/10.1183/09031936.03.00094203
http://www.ncbi.nlm.nih.gov/pubmed/14516136
http://dx.doi.org/10.1097/01.jom.0000152923.07801.e1
http://www.ncbi.nlm.nih.gov/pubmed/15706175
http://dx.doi.org/10.5271/sjweh.3400
http://www.ncbi.nlm.nih.gov/pubmed/24220056
http://dx.doi.org/10.1097/JOM.0b013e3181a7dd4e
http://dx.doi.org/10.1136/oemed-2013-101796
http://dx.doi.org/10.1136/oemed-2012-100775
http://dx.doi.org/10.1097/EDE.0b013e3181577654
http://dx.doi.org/10.1093/ije/dyp216
http://dx.doi.org/10.1136/oemed-2013-101582
http://www.ncbi.nlm.nih.gov/pubmed/24142976
http://dx.doi.org/10.1007/s00420-007-0287-8
http://www.ncbi.nlm.nih.gov/pubmed/18071741
http://dx.doi.org/10.1183/09031936.00080312
http://www.ncbi.nlm.nih.gov/pubmed/22743675
http://dx.doi.org/10.1002/sim.3504
http://dx.doi.org/10.4187/respcare.01192
http://dx.doi.org/10.1002/sim.4780100306
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1214/aos/1176344136
http://dx.doi.org/10.1515/REVEH.2007.22.4.255


Int. J. Environ. Res. Public Health 2020, 17, 9040 9 of 9

23. Celli, B.R.; Halbert, R.J.; Isonaka, S.; Schau, B. Population impact of different definitions of airway obstruction.
Eur. Respir. J. 2003, 22, 268–273. [CrossRef]

24. De Marco, R.; Accordini, S.; Cerveri, I.; Corsico, A.; Anto, J.M.; Kunzli, N.; Janson, C.; Sunyer, J.; Jarvis, D.;
Chinn, S.; et al. Incidence of chronic obstructive pulmonary disease in a cohort of young adults according to the
presence of chronic cough and phlegm. Am. J. Respir. Crit. Care Med. 2007, 175, 32–39. [CrossRef] [PubMed]

25. Bhatta, L.; Leivseth, L.; Carslake, D.; Langhammer, A.; Mai, X.M.; Chen, Y.; Henriksen, A.H.; Brumpton, B.M.
Comparison of pre- and post-bronchodilator lung function as predictors of mortality: The HUNT Study.
Respirology 2020, 25, 401–409. [CrossRef] [PubMed]

26. Gupta, R.P.; Perez-Padilla, R.; Marks, G.; Vollmer, W.; Menezes, A.; Burney, P. Summarising published results
from spirometric surveys of COPD: The problem of inconsistent definitions. Int. J. Tuberc. Lung Dis. 2014,
18, 998–1003. [CrossRef] [PubMed]

27. Reynolds, C.J.; MacNeill, S.J.; Williams, J.; Hodges, N.G.; Campbell, M.J.; Newman Taylor, A.J.; Cullinan, P.
Chronic obstructive pulmonary disease in Welsh slate miners. Occup. Med. 2017, 67, 20–25. [CrossRef]

28. Ulvestad, B.; Lund, M.B.; Bakke, B.; Thomassen, Y.; Ellingsen, D.G. Short-term lung function decline in
tunnel construction workers. Occup. Environ. Med. 2015, 72, 108–113. [CrossRef]

29. Malmberg, P.; Hedenstrom, H.; Sundblad, B.M. Changes in lung function of granite crushers exposed to
moderately high silica concentrations: A 12 year follow up. Br. J. Ind. Med. 1993, 50, 726–731. [CrossRef]

30. Ulvestad, B.; Ulvestad, M.; Skaugset, N.P.; Aaløkken, T.M.; Günther, A.; Clemm, T.; Lund, M.B.; Ellingsen, D.G.
Pulmonary function and high-resolution computed tomography in outdoor rock drillers exposed to crystalline
silica. Occup. Environ. Med. 2020, 77, 611–616. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1183/09031936.03.00075102
http://dx.doi.org/10.1164/rccm.200603-381OC
http://www.ncbi.nlm.nih.gov/pubmed/17008642
http://dx.doi.org/10.1111/resp.13648
http://www.ncbi.nlm.nih.gov/pubmed/31339206
http://dx.doi.org/10.5588/ijtld.13.0910
http://www.ncbi.nlm.nih.gov/pubmed/25199020
http://dx.doi.org/10.1093/occmed/kqw147
http://dx.doi.org/10.1136/oemed-2014-102262
http://dx.doi.org/10.1136/oem.50.8.726
http://dx.doi.org/10.1136/oemed-2019-106254
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Estimation of an Exposure Threshold Value for Compensation of Silica-Induced COPD Based on Longitudinal Changes in Pulmonary Function
	Introduction 
	Materials and Methods 
	Study Population 
	Lung Function Data 
	Exposure Assessment 
	Statistical Methods 

	Results 
	Discussion 
	Strengths and Weaknesses 
	Healthy Worker Effect 
	Alternative Model Approaches 
	Practical Examples 

	Conclusions 
	References

