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Background: It has been suggested that asbestos exposure affects lung function, even in the

absence of asbestos-related pulmonary interstitial or pleural changes or emphysema.Methods:

We analyzed associations betweenwell-known asbestos-related risk factors, such as individual

cumulative asbestos exposure, and key lung function parameters in formerly asbestos-exposed

power industry workers (N = 207) with normal CT scans. For this, we excluded participants with

emphysema, fibrosis, pleural changes, or any combination of these. Results: The lung function

parameters of FVC, FEV1, DLCO/VA, and airway resistance were significantly associated with

the burden of smoking, BMI and years since end of exposure (only DLCO/VA). However, they

were not affected by factors directly related to amount (eg, cumulative exposure) or duration of

asbestos exposure. Conclusions: Our results confirm the well-known correlation between lung

function, smoking habits, and BMI. However, we found no significant association between lung

function and asbestos exposure.
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1 | INTRODUCTION

In the 20th century, due to its excellent physical properties, asbestos

was frequently used in workplaces where high temperatures or the

need for heat protection demanded the use of insulation materials.

Therefore, despite the lack of documented exposure data, an

increased risk of asbestos exposure can be assumed for such

workplaces, which were frequently found in the power generating

industry.1–4 The development of the use of asbestos in Germany is

comparable to other industrialized countries.5–7 After a series of

restrictions, the importation and processing of asbestos and asbestos-

containing materials was totally banned in 1993.

As early as the 1950s, asbestos dust was known to be a powerful

carcinogen with a long-term effect on the lungs and pleura, causing

lung cancer and malignant pleural mesothelioma. Other known effects

include nonmalignant changes in lung tissue (asbestosis) and pleura

(pleural thickening, eg, plaques), in some cases leading to restrictive

lung disease.5–8

There is general agreement in the literature that the risk of

nonmalignant changes is related to age,9 cumulative asbestos

exposure,9–13 time since first exposure (latency)10,11,13,14 and expo-

sure duration.9,12–14 High levels of cumulative exposure in combina-

tion with a history of smoking are usually associatedwith parenchymal

changes.15 The first cases of asbestos-related diseases may appear a

few years after the beginning of exposure, although very long latency

periods of several decades are common.16 Decreased lung function

parameters are often associated with these effects, which are

frequently combined with the influencing factor of a high BMI, and

possibly with a genetically determined predisposition for a specific

pathophysiological reaction.17–24 The relationship between decreased

lung function parameters and asbestos-related pulmonary interstitial

or pleural changes or emphysema, and the risk factors of asbestos dust

and cigarette smoke, have been analyzed in various studies.25–33

It is still unclear whether the exposure to asbestos dust affects

lung function in the absence of asbestos-related pulmonary interstitial

or pleural changes or emphysema visible on multidetector-row CT

(MDCT), or whether lung function impairment is always a secondary

effect of structural changes in the lung tissue or pleura.33,34 Therefore,

the aim of our study was to examine the association between several

known risk factors and various lung function parameters in a group of
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asbestos-exposed individuals without any signs of asbestos-related

disease on MDCT.

2 | MATERIALS AND METHODS

2.1 | Study design

In the late 1990s enrolment in the survey was started as an internal

health program of a major provider of electrical power in Germany.

The main purpose of the survey was the early detection of cases with

asbestos-related diseases in all active and former employees, who had

been exposed to asbestos. All of the 8565 individuals who responded

by submitting a signed statement that they had been exposed to

asbestos fibers were entered into the study group. The individual

cumulative exposure to asbestos was estimated on the basis of job

titles, main occupational tasks and self-reported periods of exposure.

A computer program based on ambient monitoring data of airborne

asbestos fiber concentrations at specific, carefully defined workplaces

and periods of exposure was used for these calculations.

As the safety precautions after the banning of asbestos in 1993

were rigorous, periods of exposure after this time were not included.

Even if short periods of unprotected exposures after 1993 cannot be

completely ruled out, fiber concentrations would not have been

comparable to those measured prior to the banning of asbestos.35

Cumulative asbestos exposure was expressed as a product of the total

exposure duration and the 8-h time weighted average fiber

concentration (in fibers/cubic centimeter × years or “fibre years”).

One standard fiber year was defined as an exposure of 1920 work

hours accumulated through daily 8-h shifts over 240 workdays spread

over 48 weeks with a standard airborne concentration of one fiber per

cubic centimeter or 1 × 106 fibers per cubic meter. In order to obtain

the information required to calculate the cumulative exposure, a

specially designed self-administered questionnaire was sent to each

participant prior to examination.

A standard medical examination, including lung function

testing (PFT) and an X-ray of the thorax (CXR or MDCT), was

started in March 2002.36 By the end of 2013, a total of 7703

participants had been examined at least once. A routine annual

examination including MDCT was restricted to a high-risk group of

338 participants, of whom 273 (3.54%) have been examined at

least once. For these participants a higher risk of developing an

asbestos-related disease was assumed, due to their cumulative

asbestos exposure, smoking habits and age. For participants with a

lower cumulative exposure and burden of smoking, who were

usually younger, we assumed a lower risk of developing asbestos-

related diseases. Those not in the high risk group were routinely

examined annually (medium risk) or every 3 years (low risk) using

CXR. In the case of equivocal findings on CXR, they received a

secondary MDCT (N = 926).37 Thus, a total of 1199 (15.6%)

participants was examined with MDCT at least once. Changes in

lung tissue and pleura on MDCTs were recorded using the

International Classification of Occupational and Environmental

Respiratory Diseases (ICOERD).38–43 MDCTs were evaluated

independently by two experienced readers. In cases of disagree-

ment, a consensus reading was used for final assessment. All

readers, who were either specialists in thoracic imaging, radiol-

ogists or occupational physicians, scored the MDCTs for signs of

asbestosis, asbestos-associated pleural disease and any type of

emphysema. MDCTs classified as “abnormal” showed at least one

of the following: irregular/linear opacity of at least grade 1 in both

lower fields, any pleural findings of parietal or visceral pleura or

any sign of emphysema. Although not directly related to asbestos

exposure, we considered emphysema as an exclusion criterion

because it affects lung function and would mask dust related

effects not indicated by radiological signs.

Themain objective of our analysis was to investigate the influence

of various risk factors such as asbestos exposure and smoking habits

on lung function in absence of asbestos-related pulmonary interstitial

or pleural changes or emphysema. To avoid the effects of possible

systematic inter-center bias when comparing results from different

examination centers, we used only lung function results carried out at

the Institute of Occupational and Social Medicine at RWTH Aachen

University (IOSM), which was the biggest and most experienced

examination center. As the MDCTs of 652 participants showed signs

of emphysema (n = 79), asbestos-related changes (n = 296), or both

(n = 277), 207 participants qualified for analysis. A more detailed

description of the study population can be found in Felten et al35 and

Eisenhawer et al.36

2.2 | Examination with MDCT

Examinations of the whole lung with MDCT were done without

administering contrast material and performed during a one breath-

hold with the participant in a supine position (SOMATOM Sensation

16, SiemensMedical Solutions, Forchheim, Germany). A standard low-

dose MDCT protocol was used: 120 kV, individuals weighing less

than 80 kg with 10mAseff/individuals weighing 80 kg and more with

20mAseff, 16 × 0.75mm collimation, a rotation time of 0.5 s, and a

table feed/rotation of 18mm. For analysis of soft tissue changes,

mediastinal changes, pleural changes, additional asbestos-related

changes, and detection of pulmonary nodules, MDCTs were

reconstructed using three different methods described in Das

et al44 and Eisenhawer et al.36

2.3 | Lung function testing

All PFTs used in this evaluation were done at the outpatient

department of the IOSM and usually carried out on the same day as

the MDCT. Technical equipment, calibration routine, and standard

procedures were consistent for all testing cycles. We used a whole-

body plethysmograph, from MasterScreen body CareFusion,

Germany, to measure all parameters, including the spirometric values

of forced expiratory volume in one second (FEV1,l) and forced vital

capacity (FVC,l), air way resistance (R’tot,kPa*s/l), and single-breath

carbon monoxide diffusing capacity adjusted for alveolar volume

(DLCO/VA,mmol*l/min*kPa) acquired with additional gas transfer

equipment by the same manufacturer. The airway resistance was
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considered, since the measurement of this value is less affected by the

co-operation of the participant. Further, this is an essential lung

function parameter for the assessment of obstruction.45

For analysis, results of FVC, FEV1, and DLCO/VA were set in

relation to the corresponding reference values. Here, the 2012

published reference value equations of the Global Lungfunction

Initiative (GLI)46 were used for FVC and FEV1. For DLCO/VA we used

the equations of the European Coal and Steel Community (ECSC).47–49

For R’tot the rawmeasurementwas used. FVC and FEV1 results below

the lower limit of normal (LLN), DLCO/VA measurements below 80%

andR’totmeasurements above 0.3kPa*s/l were classified as abnormal.

2.4 | Characteristics of the study population

The general characteristics of the study population are summarized in

Table 1.

The 207 male participants showed a mean cumulative asbestos

exposure of 49.0 (0.1-844.9) fiber years, accumulated over the mean

exposure duration of 21.4 years. Due to the mean cumulative

asbestos exposure, the cohort can be regarded as highly exposed to

asbestos dust. In comparison, the individuals who were excluded

due to asbestos-related diseases had a significantly higher exposure

with regard to latency, duration of exposure and time since end of

exposure (Table S1). Although our study group was less exposed

with regard to cumulative asbestos exposure (49 fiber years vs 63,7

fiber years), this difference was not significant.

The standard deviation of the cumulative asbestos exposure is

extremely large, due to the different workplaces of the participants.

The cohort includes for example participants working in management

(low asbestos exposure) as well as participants who regularly attended

in technical turbine revisions (technical inspection, maintenance, and

repair of turbines) with extreme levels of asbestos exposure and were

therefore highly exposed to asbestos dust. In regards to smoking

status, 43 (20,8%) participants reported being active smokers, 111

(53.6%) being ex-smokers, and 53 (25.6%) reported that they had

never smoked. The mean tobacco exposure was 34.4 pack years,

taking into consideration only active and ex-smokers. With 98.5% and

95.8%, respectively, of the age adjusted reference values the mean

values for FVC and FEV1 are very close to the expected results

(Table 2).

Likewise, the values for DLCO/VA and R’tot were in the range of

the expected results of the general population. The FVC results for 11

participants and the FEV1 results for 22 participants were below the

LLN. In two participants the DLCO/VA values were below the 80%

limit of the corresponding reference values and in another 67 the

results for R’tot were above 0.3 (kPa*s/l) indicating obstructive lung

disease. Based on these measurements, the lung function of

approximately one third of the participants (n = 74) was classified as

abnormal.

2.5 | Ethics review and approval

This study was approved by the local ethics committee of the Medical

Faculty of the RWTHAachenUniversity (EK 043/09). Each participant

has given written consent to participate.

2.6 | Statistical analysis

The aim of the analysis was to investigate the effect of exposure to

asbestos dust on key lung function parameters in individuals with no

radiological signs of emphysema or asbestos-related pulmonary

interstitial or pleural changes. Therefore, univariate and multivariate

regression analyses were conducted with FVC%, FEV%, DLCO/VA%,

and R’tot as dependent variables. The risk factors of age (at time of

examination), body mass index (BMI), smoking status (never-, ex-, and

active smoker) and smoking history (pack years) were used as

independent variables not related to asbestos. Furthermore, we

used key factors related to occupational history and dust exposure,

which are known to be associated with typical radiological changes,

namely duration of asbestos exposure, latency, time since end of

exposure and fiber years as a measure of cumulative exposure. In

multivariate analysis, the models were fitted by using a stepwise

selection algorithm, combining aspects of forward and backward

selection.

First, we summarized the main characteristics of the study

population using descriptive statistics. Measures of central tendency,

of variability and contingency tables for categorical data were

reported.

TABLE 1 Study population of formerly asbestos-exposed power
industry workers with no radiological changes on MDCT (n = 207)

N (%) Mean (SD) Range

Age at examination
(years)

207 (100) 61.2 (9.5) 36.4-79.9

BMIa (kg/m2) 207 (100) 30.3 (4.1) 22.7-45.2

Pack years, smokersb 154 (100) 34.4 (23.7) 1-120

Asbestos exposure
(years)

207 (100) 21.4 (9.3) 1-42

Cumulative exposurec

(fiber/cc × years)
207 (100) 49.0 (114.2) 0.1-844.9

Latencyd (years) 207 (100) 36.2 (9.8) 13-60

Time since end of
exposure (years)

207 (100) 14.8 (4.6) 9-37

aBody mass index.
bIncluding active smokers at time of examination and ex-smokers (n = 154).
cIn fibers/cubic centimeter—years, based on a standard fiber year with a
standard airborne fiber concentration of one fiber per cubic centimeter.
dTime since beginning of exposure.

TABLE 2 Study population of formerly asbestos-exposed power
industry workers with no radiological changes on MDCT (n = 207)

N (%) Mean (SD) Range

FVC (%)a 207 (100) 98.5 (14.4) 59.4-137.5

FEV1 (%)a 207 (100) 95.8 (17.9) 43.4-136.6

DLCO/VA (%)a 191 (92.3) 111.4 (16.6) 67.6-159.8

R’tot 206 (99.5) 0.28 (0.14) 0.10-1.15

a% of reference value.
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Second, we investigated the association between the study

variables and the spirometric results, starting with scatterplots which

did not contradict the assumption of a linear relationship. For this

reason, univariate and multivariate linear regression was applied to

assess the effect of the study variables.

Third, we used analysis of variance (ANOVA) to investigate

differences in lung function between never-smokers, ex-smokers, and

smokers. Further, the effect of the asbestos-related risk factors was

individually examined by multivariate linear regression for never-

smokers, ex-smokers, and smokers. All statistical analyses were

performed using SPSS software Version 20 (IBM).

3 | RESULTS

3.1 | Lung function and risk factors

Descriptive statistics pointed to a linear relationship between the risk

factors of age, BMI, burden of smoking, cumulative asbestos exposure,

latency, duration of exposure, time since end of exposure and the lung

function parameters FVC%, FEV1%, DLCO/VA%, and R’tot. Therefore,

we based our analysis on univariate and multivariate linear regression

models. For all considered lung function parameters, number of pack

years and BMI were found to have a significant effect in the univariate

analyses (Table 3).

In addition, a significant effect of the time since end of exposure

on DLCO/VA became obvious. None of the risk factors related to

duration and amount of asbestos exposure showed a significant

association with the considered lung function parameters in univariate

analysis.

Furthermore, in multivariate analysis for every considered lung

function parameter, pack-years, and BMI showed a significant effect

and were therefore included in the regression model (Table 4).

While these were the only variables included for FVC, FEV1, and

R’tot, the age at time of examination showed some effect on DLCO/

VA%. None of the risk factors related to duration and amount of

asbestos exposure showed a significant effect on any of the considered

lung function parameters either in univariate or in multivariate analysis.

Furthermore, investigations using regression models adjusted for the

previously determined risk factors (Table S2), did not show a significant

association for any of the asbestos-related risk factors.

However, ANOVA showed statistically significant differences

between the smoking subgroupswith regard to FVC, FEV1,DLCO/VA,

R’tot, and age (Table 5). In contrast, the three groups did not vary

significantly with regard to the asbestos-related risk factors.

In comparison to the group of never-smokers, the ex-smokers

showed a slight reduction in FEV1, whereas the other lung function

parameters showed no significant differences. In contrast, the mean

FVC, FEV1 and DLCO/VA values of the smokers were significantly

lower compared to the results of the never-smokers and ex-smokers.

Furthermore, the mean R’tot value of the smokers was significantly

higher than that of the never-smokers.

In addition, we carried out an analysis of the association of the

asbestos-related risk factors and lung function using regression T
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analysis stratified by smoking status. The analysis within the group of

never-smokers enables us to analyze the associations in the absence of

the burden of smoking. However, it should be taken into account that

the stratified analysis leads to a loss of power. For the never-smokers

we adjusted for BMI and for the ex-smokers and smokers for BMI and

pack years (Table 6).

A significant association between the risk factors related to

duration and amount of asbestos exposure and the considered lung

function parameters was not observed in any of the three subgroups

of never-smokers, ex-smokers, or smokers.

4 | DISCUSSION

Inhalation of dust particles, including tobacco smoke and asbestos

dust, causes impairment of lung function. The overlying effects of

ageing and a possible genetically determined predisposition for a

specific pathophysiological reaction resulting in decreased lung

function parameters are frequently combined with the influencing

factor of a high BMI. The relationship between the risk factors of

asbestos dust and cigarette smoke as well as the asbestos-related

pulmonary interstitial or pleural changes or emphysema and decreased

lung function parameters have been analyzed in various studies.25–33

The impact of these asbestos-related changes on lung function

parameters and clinical status, especially thosewhich are limited or not

clearly visible on conventional CXR, is still controversial. However,

there is agreement that isolated pleural plaques and pleural thickening,

especially with an increase in the involvement of the pleura and signs

of visceral pleural involvement are associated with increased

impairment of lung function.28,29,31,43,48,50–57

Asbestosis leads primarily to signs of restricted ventilation with a

decrease of FVC.25,28,33,54,58 Smoking-associated opacities in heavy

smokers are difficult to distinguish from mild asbestosis, and smoking

related emphysema is the primary cause of obstructive lung disease

with a decrease of FEV1, FEV1/FVC, and diffusing capacity.59 Some

concern has been raised that “asbestos-exposed workers may present

lung function impairments even in the absence of radiological

evidence of asbestos-related pleural fibrosis or asbestosis.”33 How-

ever, the basic assumption that lung function impairment with clinical

significance always has a structural equivalent visible on sensitive

radiography has rarely been addressed.34 In order to test the

hypothesis that some effective pathological mechanism or unknown

additional confounders may impact lung function without radiological

signs, we analyzed occupational asbestos exposure data and lung

function results of power industry workers without signs of asbestos-

related abnormalities or emphysema on MDCT.

We focused primarily on two aspects, namely the comparison of

lung function results with current reference values (GLI for FVC and

FEV1; ECSC for DLCO/VA) to detect a possible overall impairment of

lung function in our cohort, and secondly the correlation of asbestos-

related risk factors (cumulative asbestos dose and exposure duration)

with FEV1, FVC, DLCO/VA, and R’tot results. The characteristics of

our cohort, as shown in Table 1, were well suited for analysis. Further,

the fact that smokers (defined in our study as active smokers at time ofT
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examination and ex-smokers) and individuals with a high BMI (mean

around 30) were well represented, despite the strict selection process

admitting only MDCT-normal participants, allowed for a meaningful

analysis of the impact these factors had on lung function.

The slightly reducedmean values for FVC and FEV1 in comparison

with the reference values (Table 2) are in line with similar evaluations

of asbestos-exposed cohorts. The tendency of rather high values for

DLCO/VAwith amean of more than 111%may be seen as an effect of

the high BMI values of the cohort. This was mainly due to the fact that

an increased BMI was significantly associated with decreased VA

(Table S3). An association with DLCO could not be observed. This may

indicate an unsuitable age adaptation of the reference values for

DLCO/VA. The high proportion of participants (35.7%) with lung

function values classified as “abnormal” was mainly caused by

individuals with an increased airway resistance, which was consistent

with the fact that about three quarters of the cohort were former or

active smokers.

We found a significant association between the lung function

parameters FVC%, FEV1%, DLCO/VA%, and R’tot, and the risk factors

of smoking and BMI, which is in agreement with the literature and well

known. Furthermore, DLCO/VA was correlated with the time since

end of exposure and the age at time of examination. These results may

also point to an inaccurate age-adaptation of the DLCO/VA reference

values, which are currently under revision by the DLCO-Task Force of

the GLI (www.lungfunction.org).

There is a general agreement in the literature that lung function

parameters are strongly affected by smoking habits, as we have also

seen in our data. As the strong effect of smoking may obscure the

effects of the asbestos-related risk factors on lung function, we further

analyzed these associations separately for never-smokers, ex-smokers,

and active smokers. The ANOVA test showed significant differences

between never-smokers, ex-smokers, and smokers with regard to lung

functionandage, butnotasbestosexposure.Never-smokers showedno

impairment of lung function, indicated by the means of FVC, FEV1,

DLCO/VA, and R’tot. Ex-smokers had slightly, but not significantly,

decreased mean values, with the strongest deviation for FEV1 (96.6%).

In contrast, smokers had significantly reduced mean values for all

considered lung function parameters.

The findings for the ex-smokers seem to be unusual. However, a

possible explanation for this might be the mean time since quitting

smoking of 20.12 years. In addition, 75.67% (84 of 111) of the ex-

smokers stopped smoking more than 10 years ago. There are

indications that smoking cessation prevents accelerated decline in

lung function and with longer times of smoking abstinence lung

function normalizes.60,61

In univariate analysis we found an association between DLCO/VA

and the time since end of exposure. We found no correlation between

the considered lung function parameters and the variables determin-

ing the amount and duration of exposure to asbestos. In particular, no

association between these variables and the lung function parameters

could be observed in the never-smokers. Therefore, we did not find an

effect of asbestos dust exposure on lung function in the absence of

asbestos-related pulmonary interstitial or pleural changes or emphy-

sema visible on MDCT.

Our homogenous, heavily exposed group was carefully selected

on the basis of sensitive MDCT-scans and the judgment of two

experienced readers. This careful selection of the study group might

have introduced a selection bias, which could not be avoided since we

wanted to consider the effect of asbestos exposure without asbestos-

related pulmonary interstitial or pleural changes or emphysema. The

use of individual exposure estimates for all participants ensured the

best possible data and the use of a single examination center avoided a

likely bias caused by inter-center variation due to the use of different

equipment or different examination routines. Only for the examina-

tions carried out at the IOSM could it be ensured that the examination

routine and equipment remained consistent for the whole time.

TABLE 5 Analysis of variance for lung function parameters and risk factors for never-smokers, ex-smokers and Smokers

Mean (SD) ANOVA

Neversmokers (N = 53) Ex-smokers (N = 111) Smokers (N = 43) F P-value

FVC (%)f 101.7 (15.7)c 99.3 (13.6)c 92.3 (12.9)a,b 5.83 0.003

FEV1 (%)f 100.6 (18.1)c 96.6 (18.0)c 87.7 (14.8)a,b 6.79 0.001

DLCO/VA (%)f 114.6 (13.3)c 114.0 (15.4)c 99.4 (19.1)a,b 13.06 0.000

R’tot (kPa*s/l) 0.24 (0.14)c 0.28 (0.14) 0.32 (0.20)a 3.07 0.048

Age at examination (years) 61.0 (9.1) 62.5 (8.8)c 57.9 (10.7)b 3.89 0.022

Body mass index (kg/m2) 29.6 (3.7) 30.6 (3.9) 30.4 (4.9) 1.01 0.37

Cumulative exposure (fiber/cc × yearsd) 55.1 (122.2) 52.1 (120.8) 33.4 (83.5) 0.51 0.60

Asbestos exposure (years) 21.3 (8.7) 22.3 (9.2) 19.3 (9.9) 1.60 0.20

Latencye (years) 35.6 (8.7) 37.4 (9.4) 34.0 (11.8) 2.06 0.13

Time since end of exposure (years) 14.3 (4.0) 15.1 (5.2) 14.6 (3.9) 0.58 0.56

aSignificantly different from never-smokers (P < 0.05).
bSignificantly different from ex-smokers (P < 0.05).
cSignificantly different from smokers (P < 0.05).
dIn fibers/cubic centimeter—years, based on one standard fiber year with an airborne fiber concentration of one fiber per cubic centimeter.
eTime since beginning of exposure.
f% of reference value.
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Further, the DLCO/VA and R’tot results of the pulmonary function

tests were available only for the examinations carried out at the IOSM.

Full information on all participants regarding the two most important

non-occupational potential influencing factor of lung function, namely

smoking history and BMI, was particularly important for obtaining

meaningful results. The exposure estimates for asbestos could not be

based on objective fiber measurements at the actual workplaces of

the participants. Nevertheless, compared to other studies, which also

investigated the adverse health effects of asbestos, they are likely to

be the best approximation for asbestos exposure.

5 | CONCLUSIONS

Our study group of asbestos-exposed power industry workers,

without any radiographic changes on MDCT, showed no significant

lung function impairment. The slightly reduced mean values of FVC

and FEV1 were fully explained by the effects of smoking. The

tendency to high DLCO/VA values was due to the association of

increased BMI and decreased VA. Furthermore, this might indicate an

unsuitable age adaptation of the reference values of DLCO/VA.

Consequently, we found no evidence that asbestos exposure without

concordant MDCT-abnormalities had any effect on FVC, FEV1,

DLCO/VA, or R’tot. In cases of clinically relevant lung function

impairment without characteristic abnormalities on MDCT, exposure

to asbestos dust seems to be an unlikely cause.

AUTHORS ’ CONTRIBUTIONS

CS extracted and analyzed the relevant data, interpreted the results

and drafted the manuscript, MKF organized the cohort, managed the

survey data and examined participants, CE coordinated the examina-

tion of participants and examined participants, MD evaluated the

radiological method and data and revised them critically for important

radiological content, TK conceived the study, designed the building of

the cohort and the framework of the survey. All authors read and

approved the final manuscript.

ACKNOWLEDGMENTS

None.

FUNDING

This project was funded by the Institution for Statutory Accident

Insurance and Prevention in the Energy, Textile, Electrical, and Media

Industry (BGETEM), Cologne, Germany (grant number 360057) and

RWE Power AG (grant number 370221) with unrestricted grants to

the Medical Faculty, RWTH Aachen University.

ETHICS APPROVAL AND INFORMED CONSENT

The studywas performed at the Institute for OccupationalMedicine at

the RWTH Aachen University. It was approved by the local ethics

committee of theMedical Faculty of the RWTHAachenUniversity (EK

043/09). Each participant has given written consent to participate.

DISCLOSURE (AUTHORS)

The authors report no conflicts of interest.

DISCLOSURE BY AJIM EDITOR OF RECORD

Rodney Ehrlich declares that he has no conflict of interest in the review

and publication decision regarding this article.

DISCLAIMER

None

REFERENCES

1. Burdett G, Bard D. Exposure of UK industrial plumbers to asbestos,
Part I: monitoring of exposure using personal passive samplers. Ann
Occup Hyg. 2007; 51:121–130.

2. Kauffer E, Vincent R. Occupational exposure tomineral fibres: analysis of
results stored on colchic database. Ann Occup Hyg. 2007; 51:131–142.

3. Stamm R. MEGA-database: one million data since 1972. Appl Occup
Environ Hyg. 2001; 16:159–163.

4. Williams PR, Phelka AD, Paustenbach DJ. A review of historical
exposures to asbestos among skilled craftsmen (1940–2006). J Toxicol
Environ Health B Crit Rev. 2007; 10:319–377.

5. Hagemeyer O, Otten H, Kraus T. Asbestos consumption, asbestos

exposure and asbestos-related occupational diseases in Germany. Int
Arch Occup Environ Health. 2006; 79:613–620.

6. Lin RT, Takahashi K, Karjalainen A, et al. Ecological association
between asbestos-related diseases and historical asbestos consump-
tion: an international analysis. Lancet. 2007; 369:844–849.

7. Tweedale G. Asbestos and its lethal legacy. Nat Rev Cancer. 2002;
2:311–315.

8. Doll RPJ. 1985. Effects onHealth of Exposure to Asbestos. Sudbury: HSE
Books.

9. MetintasM,Metintas S, Hillerdal G, et al. Nonmalignant pleural lesions
due to environmental exposure to asbestos: a field-based, cross-

sectional study. Eur Respir J. 2005; 26:875–880.

10. Ehrlich R, Lilis R, Chan E, Nicholson WJ, Selikoff IJ. Long term
radiological effects of short term exposure to amosite asbestos
among factory workers. Br J Ind Med. 1992; 49:268–275.

11. Jakobsson K, Stromberg U, Albin M, Welinder H, Hagmar L.

Radiological changes in asbestos cement workers. Occup Environ
Med. 1995; 52:20–27.

12. Paris C, Benichou J, Raffaelli C, et al. Factors associated with early-
stage pulmonary fibrosis as determined by high-resolution computed
tomography among persons occupationally exposed to asbestos.
Scand J Work Environ Health. 2004; 30:206–214.

13. Paris C, Thierry S, Brochard P, et al. Pleural plaques and asbestosis:
dose- and time-response relationships based onHRCT data. Eur Respir
J. 2009; 34:72–79.

14. Jones RN, McLoud T, Rockoff SD. The radiographic pleural
abnormalities in asbestos exposure: relationship to physiologic

abnormalities. J Thorac Imaging. 1988; 3:57–66.

15. Jarvholm B. Pleural plaques and exposure to asbestos: a mathematical
model. Int J Epidemiol. 1992; 21:1180–1184.

16. Kamp DW. Asbestos-induced lung diseases: an update. Transl Res.
2009; 153:143–152.

17. Altomare DA, Menges CW, Xu J, et al. Losses of both products of the

Cdkn2a/Arf locus contribute to asbestos-induced mesothelioma
development and cooperate to accelerate tumorigenesis. PLoS ONE.
2011; 6:e18828.

8 | SCHIKOWSKY ET AL.



18. Andujar P, Pairon JC, Renier A, et al. Differential mutation profiles and
similar intronic TP53 polymorphisms in asbestos-related lung cancer
and pleural mesothelioma. Mutagenesis. 2013; 28:323–331.

19. Carbone M, Yang H. Molecular pathways: targeting mechanisms of
asbestos and erionite carcinogenesis inmesothelioma.Clin Cancer Res.

2012; 18:598–604.

20. Horska A, Kazimirova A, Barancokova M, Wsolova L, Tulinska J,
Dusinska M. Genetic predisposition and health effect of occupa-
tional exposure to asbestos. Neuro Endocrinol Lett. 2006;
27:100–103.

21. Kukkonen MK, Vehmas T, Piirila P, Hirvonen A. Genes involved in

innate immunity associated with asbestos-related fibrotic changes.
Occup Environ Med. 2014; 71:48–54.

22. Matullo G, Guarrera S, Betti M, et al. Genetic variants associated with
increased risk of malignant pleural mesothelioma: a genome-wide
association study. PLoS ONE. 2013; 8:e61253.

23. Ugolini D, Neri M, Ceppi M, et al. Genetic susceptibility to malignant
mesothelioma and exposure to asbestos: the influence of the familial
factor. Mutat Res. 2008; 658:162–171.

24. Wei S,Wang LE, McHughMK, et al. Genome-wide gene-environment
interaction analysis for asbestos exposure in lung cancer susceptibil-
ity. Carcinogenesis. 2012; 33:1531–1537.

25. Abejie BA, Wang X, Kales SN, Christiani DC. Patterns of pulmonary
dysfunction in asbestos workers: a cross-sectional study. J Occup Med
Toxicol. 2010; 5:12.

26. Kerper LE, Lynch HN, Zu K, Tao G, Utell MJ, Goodman JE. Systematic
review of pleural plaques and lung function. Inhal Toxicol. 2015;

27:15–44.

27. Nogueira CR, Napolis LM, Bagatin E, et al. Lung diffusing capacity
relates better to short-term progression on HRCT abnormalities than
spirometry in mild asbestosis. Am J Ind Med. 2011; 54:185–193.

28. Park EK, YatesDH,WilsonD. Lung function profiles among individuals
with nonmalignant asbestos-related disorders. Saf HealthWork. 2014;

5:234–237.

29. Piirila P, Kivisaari L, Huuskonen O, Kaleva S, Sovijarvi A, Vehmas T.
Association of findings in flow-volume spirometry with high-resolu-
tion computed tomography signs in asbestos-exposed male workers.
Clin Physiol Funct Imaging. 2009; 29:1–9.

30. Society AT. Diagnosis and initial management of nonmalignant
diseases related to asbestos. Am J Respir Crit Care Med. 2004;

170:691–715.

31. Spyratos D, Chloros D, Haidich B, Dagdilelis L, Markou S, Sichletidis L.

Chest imaging and lung function impairment after long-term
occupational exposure to low concentrations of chrysotile. Arch
Environ Occup Health. 2012; 67:84–90.

32. Wang X, Yano E, Wang Z, Wang M, Christiani DC. Adverse effects of
asbestos exposure and smoking on lung function. Am J IndMed. 2006;
49:337–342.

33. Wilken D, Velasco Garrido M, Manuwald U, Baur X. Lung function in
asbestos-exposed workers, a systematic review and meta-analysis.
J Occup Med Toxicol. 2011; 6:21.

34. Ameille J, Letourneux M, Paris C, et al. Does asbestos exposure cause
airway obstruction, in the absence of confirmed asbestosis? Am J
Respir Crit Care Med. 2010; 182:526–530.

35. Felten MK, Knoll L, Eisenhawer C, et al. Retrospective exposure
assessment to airborne asbestos among power industry workers.
J Occup Med Toxicol. 2010; 5:15.

36. Eisenhawer C, Felten MK, Tamm M, Das M, Kraus T. Radiological
surveillance of formerly asbestos-exposed power industry workers:
rates and risk factors of benign changes on chest X-ray and MDCT.
J Occup Med Toxicol. 2014; 9:18.

37. Felten MK, Khatab K, Knoll L, Schettgen T, Muller-Berndorff H, Kraus
T. Changes of mesothelin and osteopontin levels over time in formerly
asbestos-exposed power industry workers. Int Arch Occup Environ
Health. 2014; 87:195–204.

38. Hering KG, Hofmann-Preiss K, Kraus T. [Update: standardized CT/
HRCT classification of occupational and environmental thoracic
diseases in Germany]. Radiologe. 2014; 54:363–384.

39. Hering KG, Tuengerthal S, Kraus T. [Standardized CT/HRCT-classifica-
tion of the German Federal Republic for work and environmental
related thoracic diseases]. Radiologe. 2004; 44:500–511.

40. Kraus T, Raithel HJ, Hering KG. Evaluation and classification of high-
resolution computed tomographic findings in patients with pneumo-

coniosis. Int Arch Occup Environ Health. 1996; 68:249–254.

41. Kuasaka Y, Hering KG, Parker JE. 2005. International Classification of
HRCT for Occupational and Environmental Respiratory Diseases Tokyo.
Japan: Springer Verlag.

42. Oksa P, Wolff H, Vehmas T, Pallasaho P, Frilander H. Asbestos
Asbestosis andCancer, theHelsinkiCriteria forDiagnosisandAttribution

2014 Tampere: Finnish Institute of Occupational Health. 2014.

43. Wolff H, Vehmas T, Oksa P, Rantanen J, Vainio H. Asbestos,
asbestosis, and cancer, the Helsinki criteria for diagnosis and
attribution 2014: recommendations. Scand J Work Environ Health.
2015; 41:5–15.

44. Das M, Muhlenbruch G, Mahnken AH, et al. Asbestos Surveillance

Program Aachen (ASPA): initial results from baseline screening for
lung cancer in asbestos-exposed high-risk individuals using low-dose
multidetector-row CT. Eur Radiol. 2007; 17:1193–1199.

45. Topalovic M, Derom E, Osadnik CR, et al. Airways resistance and
specific conductance for the diagnosis of obstructive airways
diseases. Respir Res. 2015; 16:88.

46. Quanjer PH, Stanojevic S, Cole TJ, 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.

47. Cotes JE, Chinn DJ, Quanjer PH, Roca J, Yernault JC. Standardization
of the measurement of transfer factor (diffusing capacity). Eur Respir J.
1993; 6:41–52.

48. Miller A, Warshaw R, Nezamis J. Diffusing capacity and forced vital
capacity in 5,003 asbestos-exposed workers: relationships to

interstitial fibrosis (ILO profusion score) and pleural thickening. Am
J Ind Med. 2013; 56:1383–1393.

49. Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin R, Yernault
JC. Lung volumes and forced ventilatory flows. Report working party
standardization of lung function tests, european community for steel

and coal. official statement of the european respiratory society. Eur
Respir J Suppl. 1993; 16:5–40.

50. Clin B, Paris C, Ameille J, et al. Do asbestos-related pleural plaques on
HRCT scans cause restrictive impairment in the absence of pulmonary
fibrosis? Thorax. 2011; 66:985–991.

51. Kopylev L, Christensen KY, Brown JS, Cooper GS. A systematic review
of the association between pleural plaques and changes in lung
function. Occup Environ Med. 2015; 72:606–614.

52. Larson TC, Lewin M, Gottschall EB, Antao VC, Kapil V, Rose CS.
Associations between radiographic findings and spirometry in a community

exposed to Libby amphibole. Occup Environ Med. 2012; 69:361–366.

53. Lockey JE, Dunning K, Hilbert TJ, et al. HRCT/CT and associated

spirometric effects of low Libby amphibole asbestos exposure.
J Occup Environ Med. 2015; 57:6–13.

54. Lopatin S, Tsay JC, Addrizzo-Harris D, Munger JS, Pass H, Rom WN.
Reduced lung function in smokers in a lung cancer screening cohort
with asbestos exposure and pleural plaques. Am J Ind Med. 2016;
59:178–185.

SCHIKOWSKY ET AL. | 9



55. Prazakova S, Thomas PS, Sandrini A, Yates DH. Asbestos and the lung
in the 21st century: an update. Clin Respir J. 2014; 8:1–10.

56. Szeinuk J, Noonan CW, Henschke CI, et al. Pulmonary abnormalities as a
result of exposure to Libby amphibole during childhood and adolescence-
The Pre-Adult Latency Study (PALS). Am J Ind Med. 2017; 60:20–34.

57. Weill D, Dhillon G, Freyder L, Lefante J, Glindmeyer H. Lung function,

radiological changes and exposure: analysis of ATSDR data from
Libby, MT, USA. Eur Respir J. 2011; 38:376–383.

58. Roggli VL, Gibbs AR, Attanoos R, et al. Pathology of asbestosis—an
update of the diagnostic criteria: Report of the asbestosis committee
of the college of american pathologists and pulmonary pathology

society. Arch Pathol Lab Med. 2010; 134:462–480.

59. Bledsoe JR, Christiani DC, Kradin RL. Smoking-associated fibrosis and
pulmonary asbestosis. Int J Chron Obstruct Pulmon Dis. 2015;
10:31–37.

60. Camilli AE, Burrows B, Knudson RJ, Lyle SK, Lebowitz MD.

Longitudinal changes in forced expiratory volume in one second in
adults. Effects of smoking and smoking cessation. Am Rev Respir Dis.
1987; 135:794–799.

61. Willemse BW, Postma DS, Timens W, Ten Hacken NH. The impact of
smoking cessation on respiratory symptoms, lung function, airway
hyperresponsiveness and inflammation. Eur Respir J. 2004; 23:
464–476.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Schikowsky C, Felten MK,

Eisenhawer C, Das M, Kraus T. Lung function not affected

by asbestos exposure in workers with normal Computed

Tomography scan. Am J Ind Med. 2017;9999:1–10. https://

doi.org/10.1002/ajim.22717

10 | SCHIKOWSKY ET AL.


