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ABSTRACT
Background  Occupational exposures to vapours, 
gasses, dusts and fumes (VGDF) and chest X-ray 
abnormalities by the International Labour Office (ILO) 
classification system are associated with reduced lung 
function, with the majority of published studies being 
cross-sectional. We examined the effects of VGDF 
exposures, as well as ILO parenchymal changes, pleural 
plaque and diffuse pleural thickening (DPT) on reduction 
in lung function in a longitudinal study.
Methods  Chest radiographs and spirometry for 3150 
ageing construction workers enrolled in a medical 
screening programme with a baseline and at least one 
follow-up examination were studied. Indices for VGDF 
exposure, parenchymal changes, pleural plaque and DPT 
severity were developed and used in longitudinal mixed 
models of lung function.
Results  Smoking and VGDF exposure were associated 
with decreased FEV1 and FVC at baseline as well as 
accelerated rates of annual decline. High VGDF exposure 
was associated with a yearly decline of −19.5 mL for 
FEV1 and −15.7 mL for FVC. Parenchymal abnormalities, 
pleural plaque and DPT were more strongly associated 
with reduced FVC. An increase of one unit in the pleural 
plaque severity index resulted in approximately −5.3 mL 
loss of FVC and −3.3 mL loss of FEV1, with a possible 
non-linear effect of plaque on FEV1.
Conclusions  Increasing pleural plaque severity was 
associated with progressively greater loss of FVC and 
FEV1, supporting a causal association. VGDF exposures 
were associated with reduced FVC and FEV1 at baseline 
as well as accelerated annual loss of lung function.

INTRODUCTION
Occupational exposures to agents such as silica 
and asbestos or complex mixtures such as coal 
mine dust, welding and cutting gases and fumes, 
and diesel exhausts increase the risk of chronic 
obstructive pulmonary disease (COPD).1–3 Further-
more, there is increasing evidence that exposures to 
mixtures of various vapours, gases, dusts and fumes 
(VGDF) cause COPD.4–6 The VGDF exposure 
metric is a qualitative summary measure of expo-
sures to vapours and gases as well as particles (dusts 
and fumes), including low toxicity dusts which are 
largely insoluble and make up a significant compo-
nent of all VGDF exposures in many workplaces. 
These low toxicity dusts are sometimes referred to 
as ‘particulates not otherwise regulated’ and include 
all mineral and inorganic dusts without specific 
individual US Occupational Safety and Health 
Administration Permissible Exposure Limits.7

Many of the individual exposures that contribute 
to VGDF have known effects on lung function. For 
example, asbestos, one of the components of occu-
pational VGDF exposures, has long been known 
to cause cancer at many sites as well as pulmonary 
fibrosis (asbestosis), pleural plaque, diffuse pleural 
thickening (DPT) and pleural calcification.8 While 
pulmonary fibrosis and DPT are well accepted 
causes of restrictive findings on spirometry, the 
impact of pleural plaque alone on lung function has 
been debated.9 10

Most studies of effects of occupational expo-
sures and pleural plaque on lung function have 
been cross-sectional rather than longitudinal. 
Using longitudinal rather than cross-sectional anal-
ysis, the objectives of this study were twofold: (1) 
to assess the effects of occupational exposures to 
mixed VGDF exposures on lung function and (2) 
to assess the contributory effect of chest radiograph 
parenchymal and pleural changes on lung function 
among workers with VGDF exposures.

METHODS
This study assessed the impact of VGDF exposures 
and chest X-ray changes on lung function using 
longitudinal data among construction and trade 
workers employed at US Department of Energy 
(DOE) sites and participating in the Building Trades 
National Medical Screening Program (BTMed) 
(https://www.​BTMed.​org). BTMed participants 
include many different trades doing new construc-
tion, renovationand maintenance of DOE facilities 
across the USA as described elsewhere.4 11–14

Prior publications provide details of the BTMed 
surveillance programme including the work history 
and medical components.12–14 In brief, in 1993, the 
US Congress called on the US DOE to determine 
whether workers within the US nuclear weapons 
facilities were at significant risk for work-related 
illnesses and if so, to provide them with medical 
surveillance. Initial surveillance programmes for 
construction workers were established at the 
Hanford Nuclear Reservation in Richland, Wash-
ington; the Oak Ridge Reservation in Oak Ridge, 
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Tennessee; the Savannah River Site in Aiken, South Carolina; 
and the Amchitka nuclear test site in Alaska. The programme 
was subsequently expanded to 28 DOE sites and consolidated to 
form the Building Trades National Medical Screening Program 
(​BTMed.​org) (see also http://​energy.​gov/​ehss/​services/​worker-​
health-​and-​safety/​former-​worker-​medical-​screening-​program).

Study population and data
The BTMed program began offering medical screening exam-
inations in March 1998 and this study included participants 
through October 2015.

BTMed examinations are performed by local medical 
providers who meet credentialing requirements and adhere to a 
detailed protocol. The respiratory examination includes a respi-
ratory history and symptom questionnaire; a posterior-anterior 
(P-A) chest radiograph, classified by one B-reader according to 
the International Labour Office (ILO) Classification of Radio-
graphs of Pneumoconiosis15–17 and spirometry. All participating 
medical facilities agreed to obtain spirometry according to 
American Thoracic Society (ATS) standards, and quality control 
procedures were in place for all medical data.12 Workers are 
eligible for follow-up examinations every 3 years.

Workers completing at least two examinations through 
October 2015 and whose spirometry met the inclusion criteria 
of a minimum of three recorded expiratory efforts and repeat-
ability of FVC and FEV1 of 0.2 L or less18 formed the pool for 
selection of the study cohort. The ATS 1995 criteria was chosen 
as these were in effect at the start of the BTMed programme in 
1996, and many participants were screened prior to publication 
of the new ATS recommendation in 2005. The analyses were 
further restricted to examinations that included a chest film with 
B-reader interpretation and not missing key demographic data 
(age, race, sex, height, and body mass index (BMI)) or pack-
years of cigarette smoking.

Methods for classification of radiographic findings
A parenchymal abnormality was defined as a profusion score 
of 1/0 or greater for any shape or size of small opacity seen 
bilaterally. Pleural abnormalities were classified by severity of 
pleural plaque and DPT. BTMed chest films were classified by 
the ILO 1980 guidelines when the programme was initiated and 
then the15 revision when available. The ILO 1980 guidelines 
defined circumscribed pleural thickening (ie, pleural plaque) and 
the15 revision defined a new category of localised pleural thick-
ening.15 16 For the current analyses, both circumscribed pleural 
thickening (ILO 1980) and localised pleural thickening15 with or 
without calcification were classified as pleural plaque (plaque). 
Prior research has shown that confluent pleural plaque and DPT 
can sometimes not be distinguished19; therefore, films needed 
to exhibit DPT extending up the lateral chest wall and presence 
of an obliterated costophrenic angle to be classified as DPT.15 
Pleural thickening in the absence of an obliterated costophrenic 
angle was classified as pleural plaque.20 21 Some chest films 
exhibited both plaque and DPT in the same worker and these 
were cross classified in a manner similar to Miller et al.22

We developed separate severity indices for pleural plaque or 
DPT using an approach similar to the integrative pleural indices 
described by Lilis et al23 and Bourbeau et al.19 The resulting 
plaque and DPT severity indices had a range of 0 to 22 and 
0 to 19, respectively, for each hemithorax, which were added 
together to arrive at overall severity scores for plaque (0–44) 
or DPT (0–38). Details concerning development of the severity 
indices are provided in the online supplementary materials.

VGDF exposure estimates
We previously conducted a case–control study of COPD nested 
within the larger population of BTMed participants.4 Because 
the BTMed work history is based on self-reporting of exposures, 
we have no workplace air samples for VGDF and quantitative 
exposure estimates cannot be derived. Therefore, in the prior 
COPD case–control study, we developed qualitative cumula-
tive lifetime VGDF exposure indices based on lifetime work 
histories, performance of specific tasks and industrial hygienists 
rating of task exposure intensities.4

For this study, we used the case–control exposure indices 
and developed a statistical model based on an approach similar 
to that previously described by Kirkham et al.24 Our model 
predicted qualitative VGDF cumulative exposure category based 
on demographic and work history variables common to both 
studies, with the objective of classifying study participants into 
low, intermediate and high cumulative VGDF exposures.

Workers in the COPD study (834 COPD cases and 1243 
controls) were classified into three categories based on the overall 
distribution of estimated VGDF exposures. Approximately 10% 
of the workers in this study worked largely in non-construction 
jobs with lower VGDF exposures; thus, workers in the lowest 
10th percentile of the distribution (n=206) were classified as 
having low exposures, workers in the 11th to 50th percentile 
(n=833) were classified as having intermediate exposure and 
workers above the median (n=1038) were classified as highly 
exposed. The independent variables age, gender, race/ethnicity, 
time worked in specific construction trades and years of work 
outside construction were used in an ordinal logistic model to 
predict qualitative cumulative VGDF exposure categories for 
workers in the current study. A detailed list of construction 
trades included in the model is shown in the online supplemen-
tary materials (table S2). All covariates were included in the final 
model and workers were placed in the exposure category with 
highest estimated probability.

Statistical analyses of spirometry
The data consisted of initial and repeated measures of spirom-
etry, chest films, BMI and pack-years of smoking over follow-up 
times ranging from 3 to 17 years. The number of examinations 
varied by worker, ranging from 2 to 4; therefore, mixed analyt-
ical methods appropriate for unbalanced data with repeated 
measures were employed.

Linear mixed effects models were used with FEV1 and FVC 
as dependent variables. The following variables were entered as 
time-independent fixed effects: baseline age (centred at the mean 
baseline age), gender, race/ethnicity consistent with categories 
used for US spirometry predictions (Caucasian, African-Amer-
ican and Mexican-American),25 height in cm (centred at popu-
lation mean) and VGDF exposure category at baseline. Our 
study population included a small number of Mexican-American 
workers (n=54); however, we retained this classification as lung 
function prediction equations are different for these workers.25 
Time-dependent fixed effects in the models included the 
following: years after baseline, BMI (centred at overall mean), 
smoking category (current, past or never), smoking pack-years, 
presence or absence of chest film B-reader changes (parenchymal 
changes of profusion ≥1/0, and severity indices for plaque and 
DPT). Individual random intercepts and slopes were used in the 
models to account for correlation of repeated measures over 
time within the same individual.26–28 Interaction terms were 
included in the models to explore the effects of VGDF exposures 
and cigarette smoking over longitudinal follow-up time (T). We 
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also evaluated interaction terms for smoking and baseline VGDF 
exposures. The mixed effects models for FEV1 and FVC can be 
written as follows:

	

Yit = β0 + β1 ∗ Genderi + β2 ∗ Racei + β3 ∗
(
Agei − Agemean

)

+ β4 ∗
(
Heighti −Heightmean

)
+ β5 ∗ VGDFi + β6 ∗ Tit

+ β7 ∗
(
Smoking Status

)
it + β8 ∗

(
Pack Years

)
it

+ β9 ∗
(
BMIit − BMImean

)
+ β10 ∗ Parenchymalit

+β11 ∗ Plaque Indexit + β12 ∗ DPT Indexit
+ β13 ∗ VGDFi ∗ Tit + β14 ∗ VGDFi ∗

(
Pack Years

)
it

+ β15 ∗
(
Pack Years

)
it ∗ Tit + ai + biTit + eik 	

where:
i = indexes individuals
t = indexes time after baseline in years
Yit = outcome of interest (FEV1 or FVC in mL) ai, biTit = 

subject-specific random intercepts and slopes eik = residuals
For categorical variables with more than two levels (eg, race/

ethnicity, smoking status and VGDF categories), reference cell 
coding was used; thus, the coefficients in the above model repre-
sent a vector of parameters. We evaluated potential non-linear 
effects of age using restricted cubic splines in the models for 
FEV1 and FVC. The parameter estimate for β6 is the predicted 
annual lung function decline for the study population adjusted 
for demographics, VGDF exposures, smoking, BMI and chest 
radiographic changes.

In addition to our main models that adjusted for confounders, 
we conducted sensitivity analyses for effects of VGDF exposures 
using models that were restricted by chest radiograph status and 
smoking status. For the sensitivity analyses, we defined a normal 
chest radiograph as having severity indices for plaque and DPT 
equal to zero and not having parenchymal changes with a profu-
sion score of 0/1 or greater. We restricted these sensitivity anal-
yses to those not having a profusion of 0/1 or greater to better 
control for milder grades of parenchymal fibrosis which might 
confound the effects of VGDF exposures. All covariates included 
in the main models were retained in the models for sensitivity 
analyses.

While our main models for FEV1 and FVC controlled for 
DPT and parenchymal changes, the effects of pleural plaque 
might be confounded by parenchymal changes not reaching a 
profusion of 1/0 as well as inadequate control for both DPT 
and parenchymal changes. To address this issue, we ran addi-
tional models restricted to workers with profusion <0/1 and 
not having DPT on any examination (n=3096). All other 
parameters included in main models were retained in these 
restricted models. We evaluated the possibility of non-linearity 
of plaque effects on FEV1 and FVC through incorporation of 
restricted cubic splines for plaque severity in the mixed models 
(SAS Proc GLIMMIX).

SAS V. 9.3 was used for all analyses using the MIXED and 
GLMMIX procedures.29 The Akaike’s Information Criterion 
(AIC) was used to compare models, and likelihood ratio (LR) 
tests were used to compare nested models. Maximum-likeli-
hood estimation methods were used for initial model fitting for 
validity of the LR ratio tests; however, the final model parameter 
estimates were based on restricted maximum likelihood (REML) 
methods due to superiority of REML parameter estimates in 
mixed models.30 Several covariance structures for the random 
effects were considered and the final models used an unstruc-
tured covariance structure based on the AIC. Statistical signifi-
cance was based on a two-sided p value<0.05.

RESULTS
The study cohort included 3150 workers with 6917 examina-
tions. The number of examinations per worker ranged from 2 
to 4 (2=2558, 3=567, 4=25). Mean time between baseline and 
follow-up examination was 6.2 years (SD=3.1). Of the 6917 
chest films, 1687 (24.4%) were read using the 1980 ILO classifi-
cation and 5230 (75.6%) used the15 revised system.

Demographic and clinical characteristics of the study popu-
lation at study entry and on last examination are summarised 
in table 1. The mean age at entry was 57.7 (SD=11.0) years, 
92.6% (n=2917) were male and 88.7% were Caucasian. The 
mean duration of construction trade work was 24.8 (SD=13.0) 
years at cohort entry. Given the age of our cohort, only about 
24% of the follow-up examinations were among workers who 
continued any employment after cohort entry. Parenchymal 
changes with profusion ≥1/0 were present in 91 workers (2.9%) 
at study entry and 124 workers (3.9%) at last examination. The 
prevalence of DPT was low at cohort entry 1.0% (n=30) and 
increased with follow-up to 1.4% (n=44) on last examination. 
Of the 44 workers with DPT on their last examination, 11 also 
had parenchymal changes with a profusion of ≥1/0. The prev-
alence of pleural plaque was 11.3% (n=356) at cohort entry 
and did not change appreciably during follow-up. However, the 

Table 1  Demographic and clinical characteristics of study population 
at study entry and last examination (n=3150)

Characteristic* At entry
At last 
examination

Mean age (SD) 57.7 (11.0) 63.9 (10.9)

Male sex (n, %) 2917 (92.6) 2917 (92.6)

Height (cm) (SD) 176.7 (8.2) 176.7 (8.2)

Race/ethnicity (n, %)*

 � Caucasian 3795 (88.7) 3795 (88.7)

 � African-American 301 (9.6) 301 (9.6)

 � Mexican-American 54 (1.7) 54 (1.7)

Spirometry, mean (SD)

 � FVC (mL) 4075 (951.8) 3805 (945.7)

 � % Predicted FVC 87.9 (18.3) 85.8 (16.8)

 � FEV1 (mL) 3105 (803.4) 2839 (797.7)

 � % Predicted FEV1 88.2 (16.0) 85.3 (19.6)

Chest X-ray B-reader prevalence (n, %)

 � Parenchymal changes (profusion≥1/0) 91 (2.9) 124 (3.9)

 � Pleural thickening prevalence†

 � �  Any pleural thickening (n, %) 371 (11.8) 370 (11.8)

 � �  Pleural plaque (n, %) 356 (11.3) 349 (11.1)

 � �  DPT (n, %) 30 (1.0) 44 (1.4)

Pleural plaque severity index, mean (SD) 0.89 (3.60) 1.30 (5.29)

DPT severity index, mean (SD) 0.07 (0.87) 0.08 (0.99)

Cigarette smoking status at examination (n, 
%)

 � Current smoker 489 (15.5) 390 (12.4)

 � Past smoker 1431 (45.4) 1530 (48.6)

 � Never smoker 1230 (39.1) 1230 (39.1)

Mean cigarette pack-years (SD) 16.8 (21.6) 16.9 (22.6)

Mean BMI (SD) 29.5 (5.2) 29.6 (5.4)

 � Obesity prevalence (BMI≥30) (n, %) 1273 (40.4) 1308 (41.5)

Mean years of follow-up (SD) 0 (0.0) 6.2 (3.1)

Years of construction work at entry, mean (SD) 24.8 (13.0) –

*Some categorical variables may not add to 100% due to rounding. 
†Some workers presented with both plaque and DPT.
BMI, body mass index; DPT, diffuse pleural thickening.
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index of plaque severity increased from a population mean of 
0.89 at study entry to 1.30 on last examination. Of those with 
pleural plaque at follow-up, 56 (16.1%) also had parenchymal 
changes with profusion ≥1/0. Among workers with DPT on last 
examination, 52.3% (n=23) also had evidence of pleural plaque. 
Mean percent predicted FVC and FEV1 decreased between study 
entry and last examination. The prevalence of current smokers 
decreased from 15.5% at study entry to 12.4% at last examina-
tion and the prevalence of obesity (BMI ≥30) increased slightly 
from 40.4% on intake to 41.5% at last follow-up examination. 
Complete distributions of severity indices for pleural plaque and 
DPT for workers with indices greater than zero are provided in 
the online supplementary materials (figure S1, S2).

A detailed comparison of study participants and all BTMed 
participants is provided in the online  supplementary materials 
(table S1). Demographic characteristics (age, gender, race/
ethnicity, BMI and years of construction work) of the study 
cohort were reflective of all BTMed participants. Study partici-
pants had a slightly lower prevalence of DPT and a slightly higher 
prevalence of parenchymal changes at cohort entry. Spirometry 
per cent predicted values were comparable.

Table 2 provides summary of unadjusted mean FEV1 and FVC 
stratified by chest X-ray finding at cohort entry. These univar-
iate analyses demonstrated decrements in mean FEV1 and FVC 
associated with parenchymal changes and unilateral or bilateral 
pleural plaque or DPT. Increasing decrements in FEV1 and FVC 
were associated with higher severity indices for pleural plaque 
or DPT.

We evaluated how well the statistical models predicting 
VGDF exposures for this current study would classify workers 

in the COPD study, compared with the more detailed assess-
ment of VGDF exposures in the COPD study. The statistical 
models performed reasonably well. The ordinal logistic regres-
sion model used for the present study classified 61% of the 
COPD study workers into the correct VGDF category (weighted 
kappa=0.38). The ability to separate workers in the low versus 
high-exposure categories was good; however, separation of 
workers with intermediate versus high VGDF exposures was less 
precise. Of 830 workers categorised with intermediate exposure 
in the COPD study, 48% were correctly classified by the predic-
tive model and 407 (49%) were classified as highly exposed.

Models evaluating the potential non-linear effects of age in 
our FEV1 and FVC models are shown in the online supplemen-
tary materials (tables S3, S4). Use of restricted cubic splines for 
age did not improve model fit; therefore, the final models incor-
porated age as a linear function.

Mixed model results for FEV1, expressed in mL, and results 
of the sensitivity analyses are presented in table 3. During initial 
model fitting, we evaluated linear, categorical and natural cubic 
splines for pleural plaque and DPT indices and found that linear 
functions for these indices achieved a better fit to the data in the 
main models. In the main model with adjustment for all model 
covariates, the average annual FEV1 decline was −26.3 (±6.0) 
mL. Cigarette smoking status and pack-years were significantly 
associated with reduced FEV1 at cohort entry with each pack-
year reducing FEV1 by −1.8 (±0.4) mL. Accelerated FEV1 
decline was associated with increasing pack-years of smoking 
over follow-up. Parenchymal changes with a profusion  ≥1/0 
were associated with a FEV1 reduction of −57.3 (±25.3) mL. 
Although the number of workers with DPT was small, increasing 
DPT severity was significantly associated with decreased FEV1, 
with a reduction of −19.5 (±5.1) mL for each unit increase in the 
DPT severity index. The presence of pleural plaque was signifi-
cantly associated with reduced FEV1, with a loss of −3.3 (±1.3) 
mL for each unit increase in the plaque severity index. VGDF 
exposure in the intermediate and high-exposure categories at 
baseline was significantly associated with reduced FEV1(−172.2 
(±59.2) and −65.1 (±59.2) mL, respectively). The annual rate 
of FEV1 loss among workers in intermediate and high VGDF 
categories at baseline was significantly higher compared with 
workers in the low VGDF exposure category (−8.6 (±6.2) and 
−19.5 (±6.2) mL/year, respectively). The interaction between 
smoking and VGDF exposures did not approach statistical signif-
icance and was not retained in the final model. The associations 
and trends observed for VGDF exposures in the main model 
were also observed in the sensitivity analyses wherein models 
were constrained by chest radiograph status and smoking status. 
Our VGDF prediction model had limited ability of separate 
intermediate and high-exposure categories; therefore, in a sepa-
rate model (not shown) we combined the intermediate and high 
VGDF exposure categories to estimate lung function changes for 
the combined category. Workers who entered the cohort with 
intermediate or high VGDF exposures had a significantly lower 
FEV1(−117.2 (±58.2) mL) and a significantly higher annual rate 
of FEV1 decline (−15.1 (±6.1) mL/year).

Most workers did not continue work after cohort entry and 
a model (not shown) that included an indicator variable for any 
continued work did not alter effects of VGDF exposures on 
FEV1 in any meaningful way.

Results of the FVC mixed models, expressed in mL, are 
shown in table 4. Smoking status and pack-years were signifi-
cantly associated with reduced FVC with each pack-year of 
smoking reducing FVC by −1.7 (±0.5) mL. Parenchymal chest 
radiographic changes with a profusion ≥1/0 were significantly 

Table 2  Unadjusted mean FEV1 and FVC at entry stratified by chest 
X-ray results

Chest X-ray B-reader results
FEV1 (mL)
Mean (SE)

FVC (mL)
Mean (SE)

Workers without B-reader findings (n=2731)* 3159 (15.2) 4129 (18.2)

Parenchymal profusion category

 � Profusion<1/0 (n=3059) 3121 (14.5)† 4091 (17.2)†

 � Profusion≥1/0 (n=91) 2584 (77.4) 3569 (86.2)

Pleural plaque category‡

 � None (n=2794) 3146 (15.1)† 4117 (18.0)†

 � Unilateral (n=89) 2815 (84.6) 3822 (91.2)

 � Bilateral (n=267) 2781 (47.7) 3726 (56.4)

Diffuse pleural thickening category

 � None (n=3120) 3115 (14.3)† 4086 (17.0)†

 � Unilateral (n=27) 2183 (113.8) 3040 (152.1)

 � Bilateral (n=3) 1470 (221.2) 2610 (203.1)

Pleural plaque severity index§

 � Index=0 (n=2794) 3146 (15.1)† 4117 (18.0)†

 � 0 < index≤6 (median) (n=195) 2877 (55.8) 3883 (63.6)

 � Index>6 (n=161) 2684 (61.3) 3590 (71.3)

Diffuse pleural thickening severity index§

 � Index=0 (n=3120) 3115 (14.3)† 4086 (17.0)†

 � 0 < index≤6 (median) (n=16) 2076 (80.9) 2899 (131.1)

 � Index>6 (n=14) 2153 (224.1) 3109 (262.4)

*Parenchymal profusion <1/0 and having both pleural plaque and DPT severity 
indices of zero. 
†Indicates a statistically significant difference (p<0.05) in mean FEV1 or FVC by 
stratification variable. 
‡Some workers had plaque and DPT (n=15). 
§Median severity scores for those with plaque or DPT.
DPT, diffuse pleural thickening.
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associated with an FVC reduction of −66.2 (±32.5) mL. Pres-
ence of pleural plaque was significantly associated with reduced 
FVC, with each unit increase in the plaque severity index 
resulting in a reduction of −5.3 (±1.6) mL. Large reductions 
in FVC were associated with increasing DPT severity, with 
a decrease of −24.1(±6.5) mL for each unit increase in DPT 
severity. Workers with intermediate or high VGDF exposures 
at baseline had significantly reduced mean FVC compared with 
workers with low VGDF exposures (−209.4 (±68.6) and −62.3 
(±68.8) mL, respectively). The annual rate of FVC decline was 
also significantly greater among workers with high VGDF expo-
sures (−15.7 (±8.0) mL/year); however, the annual rate of FVC 
decline for workers with intermediate VGDF exposures was not 
statistically significant. The interaction term for VGDF exposure 
and smoking pack-years was not statistically significant and was 
omitted from the final model. The sensitivity analyses for FVC 
based on models restricted by chest radiograph status or smoking 
status found a similar pattern of baseline and annual decline 
in FVC associated with VGDF exposure. In a separate model 
(not shown), we combined the intermediate and high VGDF 
exposure categories to estimate lung function changes for the 
combined category. Workers with intermediate or high VGDF 
exposures had a significantly lower FVC at baseline (−151.3 
(±68.0(±1.6)) mL) and a higher annual rate of FVC decline 

(−8.6 (±8.0) mL/year). In the dichotomous VGDF model for 
FVC (not shown), the parameter for annual rate of FVC decline 
did not reach statistical significance (p=0.30) although the 
parameter estimate was similar to the full model. A model (not 
shown) that included an indicator variable for any continued 
work after cohort entry did not alter effects VGDF exposures on 
FVC in any meaningful way.

Data for males and females were used in all models to preserve 
statistical power. Models restricted to males only are presented 
in the online supplementary materials (tables S5, S6) and demon-
strate comparable results. There were too few females to allow 
separate modelling.

Additional models investigated the effects of pleural plaque, 
restricted to workers without DPT or parenchymal changes 
(profusion<0/1) (n=3096). Model results incorporating regres-
sion splines for the plaque severity index are shown in figure 1 
and full details of predicted lung function loss by plaque severity 
are presented in the online  supplemental materials (table S7). 
The spline fit for FVC departed little from linearity and the 
overall trend was statistically significant (p<0.05). Statisti-
cally significant loss of FVC was observed for all plaque index 
values >2.0. The pattern of FEV1 loss exhibited a different 
pattern, suggesting a non-linear relationship with the plaque 
severity index. The spline function p value for FEV1 approached 

Table 3  FEV1mixed model parameter estimates

Covariate

Main model Sensitivity analyses

FEV1full model*
(n=3150)

FEV1normal chest X-ray model†
(n=2914)

FEV1never smoked model‡
(n=1230)

Estimate (SE) p Value Estimate (SE) p Value Estimate (SE) p Value

Time independent

 � Baseline age (centred on mean) −35.4 (1.0) <0.0001 −35.2 (1.1) <0.0001 −33.4 (1.5) <0.0001

 � Gender (female vs male) −536.6 (47.3) <0.0001 −536.6 (47.5) <0.0001 −511.8 (61.4) <0.0001

 � Height (cm) (centred on mean) 25.4 (1.4) <0.0001 25.6 (1.5) <0.0001 25.2 (2.1) <0.0001

 � Race/ethnicity <0.0001 <0.0001 <0.0001

 � �  African-American versus Caucasian −416.3 (36.6) −418.9 (36.4) −490.2 (47.4)

 � �  Mexican-American versus Caucasian 16.6 (80.6) 3.5 (84.1) −21.5 (95.8)

 � VGDF exposure category at baseline <0.0001 <0.0001 0.0210

 � �  Intermediate versus low −172.2 (59.2) −171.5 (60.8) −131.5 (74.2)

 � �  High versus low −65.1 (59.2) −59.5 (61.1) −43.0 (76.4)

Time dependent

 � Years after baseline −26.3 (6.0) <0.0001 −22.4 (6.5) <0.0001 −24.6 (7.6) <0.0001

 � Chest X-ray B-reader result

 � �  Parenchymal changes (profusion≥1/0) −57.3 (25.3) 0.0238 −55.2 (51.2) 0.2818

 � �  Pleural plaque severity index (0–44)§ −3.3 (1.3) 0.0116 −6.7 (2.8) 0.0155

 � �  Diffuse pleural thickening severity index (0–38) −19.5 (5.1) <0.0001 −51.7 (15.9) 0.0013

 � Cigarette smoking status <0.0001 <0.0001

 � �  Current smoker versus never −136.0 (25.0) −158.8 (26.4)

 � �  Past smoker versus never −63.5 (18.4) −73.5 (19.7)

 � Cigarette pack-years −1.8 (0.4) <0.0001 −1.7 (0.4) 0.0002

 � Body mass index (centred on mean) −16.7 (1.6) <0.0001 −16.6 (1.7) <0.0001 −17.2 (2.3) <0.0001

Interaction terms

 � (VGDF category) × (years after baseline) <0.0001 <0.0001 0.0479

 � �  Intermediate versus low −8.6 (6.2) −11.0 (6.7) −8.8 (8.0)

 � �  High versus low −19.5 (6.2) −21.5 (6.7) −14.9 (7.9)

 � (Pack-years) × (years after baseline) −0.10 (0.05) 0.0302 −0.15 (0.05) 0.0048

*Full model for FEV1 (mL) with VGDF exposures, smoking and B-reader covariates.
†Model for workers having a normal chest X-ray B-read.
‡Model for workers who never smoked cigarettes.
§For plaque and diffuse pleural thickening parameter estimates indicate predicted change for a unit change in severity index.
VGDF, vapours, gasses, dusts and fumes.
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statistical significance (p=0.09) and a strong inflection point was 
observed for FEV1 at a plaque index of approximately 18–20, 
corresponding to a predicted loss of approximately −25 mL. 

Statistically significant FEV1 loss was observed for pleural plaque 
indices of approximately 30 or higher.

The BTMed programme is surveillance rather than a research 
programme; therefore, each radiograph was read by one reader, 
with five B-readers accounting for more than 90% of the radio-
graphs included in these analyses. In separate main effects 
models for FVC and FEV1 (not shown), we included a categor-
ical covariate to B-reader. Results for both FVC and FEV1 were 
not meaningfully changed in these sensitivity analyses.

DISCUSSION
This paper contributes to the growing body of research on the 
respiratory effects of VGDF. Prior research has demonstrated 
accelerated loss of lung function over time secondary to coal 
dust,31 biopersistent granular dust,32 silica,33 welding fume34 and 
self-reported dust or fume exposure,27 35 but findings of accel-
erated loss using the VGDF exposure metric have rarely been 
reported.35 36

We employed model adjustment and stratification to investi-
gate the effects of VGDF exposures and pleural plaque while 
controlling for confounding effects of smoking, parenchymal 
abnormalities and DPT. While complete separation of these 
effects is likely not possible, our results provide support for 

Table 4  FVC mixed model parameter estimates

Covariate

Main model Sensitivity analyses

FVC full model*
(n=3150)

FVC normal chest x-ray model†

(n=2914)
FVC never smoked model‡

(n=1230)

Estimate (SE) p Value Estimate (SE) p Value§ Estimate (SE) p Value§

Time independent

 � Baseline age (centred on mean) −37.5 (1.2) <0.0001 −37.0 (1.3) <0.0001 −35.1 (1.8) <0.0001

 � Gender (female vs male) −670.3 (54.3) <0.0001 −661.6 (54.9) <0.0001 −634.2 (74.6) <0.0001

 � Height (cm) (centred on mean) 37.1 (1.6) <0.0001 37.8 (1.7) <0.0001 38.1 (2.5) <0.0001

 � Race/ethnicity <0.0001 <0.0001 <0.0001

 � �  African-American versus Caucasian −640.8 (42.0) −643.8 (42.1) −735.4 (57.5)

 � �  Mexican-American versus Caucasian −72.3 (92.6) −84.0 (97.3) −5.0 (116.1)

 � VGDF exposure category at baseline <0.0001 <0.0001 0.0364

 � �  Intermediate versus low −209.4 (68.6) −208.8 (71.2) −147.7 (90.7)

 � �  High versus low −62.3 (68.8) −55.3 (71.6) −49.3 (92.2)

Time dependent

 � Years after baseline −33.8 (7.9) <0.0001 −28.5 (8.5) <0.0001 −21.5 (9.6) <0.0001

 � Chest X-ray B-reader result

 � �  Parenchymal changes (profusion≥1/0) −66.2 (32.5) 0.0421 −37.1 (62.7) 0.5543

 � �  Pleural plaque severity index (0–44)§ −5.3 (1.6) 0.0013 −9.7 (3.4) 0.0063

 � �  Diffuse pleural thickening severity index (0–38) −24.1 (6.5) 0.0002 −87.9 (20.1) <0.0001

 � Cigarette smoking status 0.0666 0.0131

 � �  Current smoker versus never −72.4 (31.1) −96.8 (32.8)

 � �  Past smoker versus never −31.5 (22.5) −40.7 (24.1)

 � Cigarette pack-years −1.7 (0.5) 0.0006 −1.5 (0.6) 0.0086

 � Body mass index (centred on mean) −28.9 (1.9) <0.0001 −28.5 (2.0) <0.0001 −26.5 (2.9) <0.0001

Interaction terms

 � (VGDF category) × (years after baseline) <0.0001 <0.0001 0.0063

 � �  Intermediate versus low 1.7 (8.1) −2.5 (8.7) −12.4 (10.0)

 � �  High versus low −15.7 (8.0) −18.9 (8.7) −23.0 (9.9)

 � (Pack-years) × (years after baseline) −0.04 (0.06) 0.5130 −0.10 (0.07) 0.1371

*Full model for FVC (mL) with VGDF exposures, smoking and B-reader covariates.
†Model for workers having a normal chest X-ray B-reader.
‡Model for workers who never smoked cigarettes.
§For plaque and diffuse pleural thickening parameter estimates indicate predicted change for a unit change in severity index.
VGDF, vapours, gasses, dusts and fumes.

Figure 1  Mixed model predicted effects of pleural plaque on FEV1 and 
FVC, models restricted to workers without diffuse pleural thickening or 
parenchymal changes. PFT, pulmonary function test.
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independent effects of VGDF exposures and pleural plaque on 
lung function decline.

The annual rate of FEV1 decline in the model adjusted for 
all covariates including chest radiographic changes, smoking, 
BMI and VGDF exposures was approximately −26 mL/year, a 
value close to the −30 mL/year rate of decline observed among 
‘healthy’ individuals.37 This finding gives further assurance that 
we can generalise from our study population to other occupa-
tional groups with similar exposures.

Smoking and exposure to VGDF were associated with 
decreased FEV1 and FVC at cohort entry as well as accelerated 
rates of annual decline, with stronger effects on FEV1. The effects 
of smoking were similar to other studies that accounted for both 
smoking status and pack-years.27 Presence of chest radiograph 
changes (profusion≥1/0), pleural plaque and DPT were associ-
ated with reduced FEV1 and FVC. As expected, the effects of 
DPT were much larger than those observed for pleural plaque. 
The sensitivity analyses found the  effects of VGDF exposures 
on FEV1 and FVC among workers without detectable chest film 
abnormalities and among never smokers, assurance that residual 
confounding by those factors did not affect the main models. 
Consistent with our prior case–control study of COPD among 
these workers, we did not observe a significant statistical interac-
tion between smoking and VGDF exposures.4 Additionally, our 
statistical models suggested that workers who had never smoked 
but had a history of intermediate or high VGDF exposure at 
cohort entry would experience approximately the same FEV1 
deficit as a current smoker with a 20-pack-year history.

The  presence of DPT in asbestos-exposed workers has 
consistently been associated with lung function decrements38; 
however, the effects of pleural plaque are still debated and two 
recent systematic reviews were in disagreement.9 10 The review 
by Kerper et al restricted studies to those without DPT and 
asbestosis, took study size into consideration and found a statis-
tically significant reduction of 4.09% (95% CI=2.31–5.86) of 
predicted for FVC and a reduction of 1.99% (95% CI=0.22–
3.77) of predicted for FEV1. Neither of the systematic reviews 
could entirely eliminate the possibility that workers with plaque 
might have experienced higher asbestos exposure. Additionally, 
studies have classified pleural plaque in various ways and few 
have attempted a measure of severity. Our results, based on 
severity indices and adjusting for demographics, BMI, VGDF 
exposures and parenchymal changes using longitudinal data, 
found a significant effect of pleural plaque on reduced FEV1 
and FVC when severity is taken into consideration, with a larger 
effect on FVC.

Strengths and limitations
Strengths of this study include a relatively large longitudinal 
population of workers with diverse exposures and ability to 
control for confounders such smoking and BMI over time. A 
limitation is the number of repeated examinations with most 
workers having two examinatioms with an average of about 
6 years between examinations.

Lacking quantitative VGDF exposure estimates, we devel-
oped a qualitative predictive model using data from our prior 
COPD study. Construction work is notoriously variable and 
the predictions are not without error and exposure misclassi-
fication. Nearly all construction workers experience VGDF 
exposures; other research using job-exposure matrices has 
classified construction workers as having a high probability of 
VGDF exposure.27 39 40 Our VGDF predictions demonstrated 
good ability to discriminate low versus high VGDF exposures 

but less ability to distinguish between intermediate and high 
VGDF exposure categories. However, the VGDF prediction 
model functions better than simple exposure surrogates such as 
construction trade work duration. While VGDF exposures were 
treated as a fixed covariate, inclusion of a covariate to indicate 
additional work during follow-up did not change study results 
or conclusions. Lastly, sensitivity analyses suggested that use of 
multiple B-readers did not confound study results or conclu-
sions. Random error tends to bias study results towards the null 
and use of more than one reader per film would tend to mini-
mise random error. We expect the impact of having more than 
one reader per film would be to strengthen our findings.

CONCLUSIONS
The current study observed increased annual rates of decrements 
in FEV1 and FVC associated with occupational VGDF expo-
sures. These results support and extend findings of our prior 
COPD case–control study with regard to detrimental effects of 
VGDF exposures and smoking on lung function. The presence of 
pleural plaque or DPT was associated with decrements in FEV1 
and FVC, with much larger decrements among those with DPT. 
Increasing plaque severity was associated with progressively 
greater loss of FVC and FEV1, supporting a causal association.
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