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Trends in inhalation exposure to hydrocarbons among commercial painters
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by Igor Burstyn, PhD, 1 Hans Kromhout , PhD1

Burstyn I, Kromhout H. Trends in inhalation exposure to hydrocarbons among commercial painters in The
Netherlands. Scand J Work Environ Health 2002;28(6):429–438.

Objectives An attempt was made to develop a database for measurements of exposure to solvents that could be
used as a tool in the historical exposure assessment of commercial painters participating in a health surveillance
program.
Methods The measurement data on personal exposure from six studies still available for Dutch commercial
painters were collected into a database. The database was analyzed to identify time trends for the inhalation
exposure levels of hydrocarbons and the production conditions that influence exposure levels among commercial
painters in The Netherlands.
Results Altogether 304 measurements of solvent exposure were collected between 1980 and 1999, providing
data for 137 workers. Toluene was selected as a marker for solvent exposure, since hydrocarbon exposures
appeared to be strongly correlated. Exposure to toluene measured during the application of solvent-based paints
has declined by 12% per year. The use of solvent-based paints, painting in small rooms, house (versus shipyard)
painting, and spray-painting were associated with increased exposures. Water-based paint was also associated
with increased exposure to toluene, relative to tasks in which no paint was used. The exposure model for toluene
explained 86% of the between-worker variance. In a subset of the data, we observed that a single cell model did
not adequately describe total solvent exposure among painters, because of the stronger-than-expected positive
effect of source strength and the lack of the protective effect of general ventilation.
Conclusions An exposure model was developed that can be used to predict the intensity of inhalation exposure
to aromatic solvents among commercial painters in The Netherlands.

Key terms
database, determinants of exposure, exposure assessment, health surveillance, mixed-effects
models, nonlinear regression, single-cell model, solvents, toluene.

In 1995, ARBOUW (the Dutch National Institute for
Occupational Safety and Health in the Construction Industry) started a health surveillance program designed
to follow the health of commercial painters prospectively in The Netherlands. Part of the reason for establishing the program was the evidence that chronic toxic encephalopathy (1–3), hearing loss (4), decreased semen
quality (5), neuroblastoma in offspring (6), neurological deficits (7), neurobehavioral symptoms (8–10), dementia (11), and decreased respiratory function (eg, airflow obstruction) (12) have been associated with exposure to hydrocarbons among painters in previous stud-

1

ies. A case study of three painters with 25 to 46 years
of exposure to solvents, presenting symptoms of Parkinson syndrome with pyromidal features, was described in The Netherlands in 1999 (13). These health
effects may be mediated through the oxidation of lipid
tissues in response to the inhalation of paint thinners
(14). Therefore, one of the goals of the health surveillance program among commercial painters in the construction industry is to investigate the relationship between long-term exposure to organic solvents and
chronic toxic encephalopathy. An integral part of the
effort to reach this objective is the reconstruction of past
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hydrocarbon solvent exposures among these painters.
We set out to develop a database of exposure measurements that can be used as a tool for assessing exposure
among commercial painters in The Netherlands. This
database was analyzed to identify (i) time trends for the
levels of inhalation exposure to hydrocarbons and (ii)
production conditions that influence exposure levels
among commercial painters in The Netherlands.

Material and methods
Building the exposure database
Seven studies were identified that had sufficiently detailed information on airborne exposure levels among
commercial painters for inclusion in the database. These
studies were selected after the peer-reviewed scientific
literature and internal reports from leading research institutions in the field of occupational hygiene in The
Netherlands were consulted. The data from one of the
1991 surveys were lost, leaving only six studies to be
included in the database (15–20). A database management system was created using a Microsoft Access 97
application to allow the collection, storage, and retrieval of data from these studies. We coded contextual information from the narrative descriptions of the workplaces from which measurements were collected, the
narrative descriptions having been supplied by the authors in the original reports. Coding was done with reliance on our judgment and in consultation with some of
the original investigators and representatives of trade unions and employers (ARBOUW). Contextual information was coded into categories that were used in the
modeling. These categories were analogous to the data
collected periodically from commercial painters as part
of the health surveillance program. The amount, type,
and quality of contextual information varied considerably among the surveys. The data collected comprise
most exposure measurements among commercial painters still available in The Netherlands. Only personal
measurements were considered in the analysis.

Selection of the dependent variables. The correlation
among the potential dependent variables was examined
using both a Pearson correlation and a principal component analysis (with Varimax rotation). Only the principal components with eigenvalues greater than 1 were
considered significant (ie, explaining more multiple correlation than a single hydrocarbon concentration). Numerical indices representing each principal component
were generated as principal component scores. Individual hydrocarbons were selected as dependent variables
only if they were distributed among the predictor variables in such a manner as to allow their estimation (eg,
they had to have been measured in every period). These
were dependent variables in the mixed-effects models
(equation 1).
Modeling exposure trends and determinants. Prior to fitting the mixed-effects models, we examined the correlation among the predictor variables in order to identify
predictors that may cause multicolinearity: correlation
coefficient ≥ 0.70. Only one of the correlated predictor
variables was used in the analyses. Mixed-effects models were constructed to identify trends in exposure
among all the exposure measurements gathered into the
database. They had the following general form:
Yij| β1, β2, … βk = µ + β1 + β2 + … βk + χi + εij,

Statistics
All the analyses were carried out using SAS version 6.12
software (SAS Institute, Cary, North Carolina, United
States). Mixed-effects models were evaluated using
PROC MIXED, and a nonlinear ordinary least square
model was fit with PROC MODEL.

Analysis of historical exposure trends
Descriptive statistics. All the concentrations reported to
have been below the limit of detection were replaced
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with values equal to half of the concentration given in
the original reports (ie, half of the estimated method limit of detection). The potential dependent variables were
selected from the airborne concentrations of the chemical agents measured in each survey. Because we aimed
to pool data across data sets, we selected agents that
were measured in as many surveys and samples as possible. Furthermore, we attempted to ensure that the list
of dependent variables included chemicals from different groups of organic chemicals (eg, aromatic and
aliphatic hydrocarbons). Exposure levels were summarized in terms of averages, ranges, geometric means
(GM) and geometric standard deviations (GSD). Frequency histograms and normal probability plots were
examined to determine the appropriateness of logarithmic transformation (base e) in normalizing the dependent variables.
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(1)

where Yij| β1, β2, … βk = the natural logarithm of the exposure concentration measured on the j th day of the ith
worker in the presence of k exposure determinant; µ =
the true mean of log-transformed exposure averaged
over all strata; β1, β2, … βk = fixed effects of the k exposure determinant; χi = the random effect of the ith
worker; and εij = the random within-worker day-to-day
variation.
The model assumes that χi, and εij are normally distributed with zero means and variances BWσy2 and WWσy2,
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respectively, which are mutually independent. These
variances are estimated as between-worker (BWSy2) and
day-to-day (WWSy2) covariance components.
Potential determinants of exposure (β1, β2, … βk),
such as time-trend, types of paint and application method used, location of a job, and sampling strategy, were
treated as fixed effects, since they were selected for the
study, instead of being randomly sampled. Worker was
treated as a random effect, since workers were selected
from all commercial painters, and there were multiple
measurements from individual painters in some surveys.
The between- and within-worker variance components
were pooled across all the determinants of exposure and
were assumed to follow a compound symmetry covariance structure. The restricted maximum likelihood method was used to fit the models. Only fixed effects with a
significance of < 0.05 were considered in the interpretation of the models. An assumption of homoscedasticity was tested via residual plots (predicted values versus standardized residual).

Results

Evaluation of the deterministic single-cell model for
painters

Historical trends in exposure

A single-cell model assumes that a steady-state concentration has been reached in the work environment. It is
summarized by the following equation (21):
E = S × Q–1 ,

(2)

where E = the steady-state concentration (mg/m3), S =
the source strength (mg/s), and Q = the ventilation rate
(m3/s). This equation can be parameterized as:
E = Sβ1 × Qβ2 ,

on the assumption that (i) with 1 liter of paint 10 m2 of
surface could be covered and that (ii) alkyd paint contained 50% solvents, rapid primer contained 60% solvents, acrylate paints contained 8% solvents, and latex
paint contained 4% solvents. The mass of solvents used
from other sources was estimated on the assumption of
the following solvent content of the specific materials:
thinner, 100%; alkyd resin-based cement and filler,
25%; cement and filler on acrylate base, 4%; and wallpaper paste, 0.5%. Dividing the sum of both sources of
solvents by the sampling duration produced an estimate
of source strength (milligrams of solvents per second).
The ventilation rate was estimated on the basis of measurements of incoming and outgoing airflow in the rooms
where painting took place. Air velocities, dimensions of
the ventilation gaps (identified with smoke tubes), and
the volume of the room were measured and used to estimate the ventilation rate.

(3)

with the hypotheses of interest being whether β1 = 1 and
β2 = –1. Equation 3 can be fit to the data set with estimated E, S, and Q using nonlinear ordinary least squares.
(See appendix 1 for the SAS 6.12 code.)
In one of the data sets recovered for the database, in
addition to total hydrocarbon exposure, source strength
and ventilation rate had been estimated on the basis of
detailed information on the amounts and types of paints
used and also measured ventilation. This information
allowed us to evaluate the appropriateness of the single-cell exposure model for painters. Source strength
was estimated using information provided by painters:
the surface area painted (meters squared) and the amount
of thinner, cement and filler used (all in liters) during
exposure monitoring. The following assumptions were
made based on reports of the Vereniging van Verf en
Drukinktfabrikanten, an association of paint and printing ink producers and suppliers in The Netherlands
(http://www.vvvf.nl). It was first assumed that the
solvents had an average density of 0.9 kg/l. Next, the
mass of the solvents used in the paints was calculated

Altogether 304 measurements of solvent exposure were
collected between 1980 and 1999, providing data from
137 workers. Measurements of more than 4000 concentrations of individual chemicals were collected. Most of
the measurements were collected during the application
of solvent-based paints, with the use of randomized
sampling strategies (table 1). Measurements during
the application of solvent-based, but not water-based,
paints were available for all the periods, and therefore
we were able to estimate the time trends of exposure
due to the use of solvent-based paints only. Data were
available for painting done in houses and shipyards,
during spray-painting and manual painting with a brush,
a roller, or a brush and a roller.
The solvents most commonly measured among
Dutch commercial painters were toluene, xylene, ethylbenzene, n-decane, and n-hexane, and these solvents
were consequently used as markers for the solvent exposure of these workers. These levels are summarized
in table 2. Concentrations of these hydrocarbons followed frequency distributions well approximated by lognormal distributions, and thus all the subsequent analyses were performed with log-transformed concentrations. Inhalation exposure levels for selected hydrocarbons were summarized for different types of paint,
as well as across all paint types. Toluene exposure
showed the largest variability, with a geometric standard
deviation on the order of 9 to 10 for solvent-based paints
and 7 for water-based paints. n-Hexane exposures
showed the least amount of variability, especially
Scand J Work Environ Health 2002, vol 28, no 6
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Table 1. Description of data sets collected into a database on historical exposures among commercial painters in The Netherlands.
Year

Samples collected during
use of different paints
All

1980
1982–1983
1984
1994

1998
1999

SprayWorkers
painting c

Sampling
days

Solvent High solid Waterbased a or 2-com- based b
ponent

45
22
4
95

39
22
4
47

10
128

10
25

5d
–
–
–

–
44

Sampling strategy

Average sampling duration
(minutes)

Location

Random Random Other features
day
worker

1
–
–
42

5
–
2
–

45
21
2
33

12
20
2
19

Yes
No
Yes
Yes

Yes
No
No
Yes

–
6

–
24

6
30

3
53

Yes
Yes

Yes
Yes

Random
Worst case
Task-based
Avoid consecutive
days; all workers
available
Random
Four measurement
periods/year

House
House
Shipyard
House

Full shift
221
168
215

House
Shipyard

176
461

a

Alkyd-based, synthetic wall paints, traditional turpentine paints, chloro-rubber, and nonspecified solvent-based paints.
Acrylate.
c
Number of samples collected during spray-painting (versus manual painting with roller or brush).
d Two-component paint only, since high-solid paint was only introduced in the 1990s.
b

Table 2. Exposure levels during the use of different paints. (AM = arithmetic mean, GM = geometric mean, GSD = geometric standard
deviation)
Paint type
All
Toluene
Xylene b
Ethylbenzene
n-Hexane
n-Decane
Water-based (acrylate)
Toluene
Xylene b
Ethylbenzene
n-Hexane
n-Decane
High-solid (N=11) and two-component (N=38)
Toluene
Xylene b
Ethylbenzene
n-Hexane
n-Decane
Other solvent-based c
Toluene
Xylene b
Ethylbenzene
n-Hexane
n-Decane

Na

AM (mg/m3)

GM (mg/m3)

GSD

Range (mg/m3)

304
259
259
223
245

1.06
11.47
2.87
0.10
5.85

0.09
1.55
0.30
0.01
0.43

11.47
9.37
11.94
4.06
13.87

0.004– 43.00
0.005–391.72
0.002– 86.00
0.007– 10.93
0.005–210.00

49
48
48
48
48

0.61
1.15
0.23
0.04
1.75

0.12
0.30
0.05
0.03
0.57

7.24
6.17
8.67
2.22
5.42

0.004– 9.43
0.011– 13.13
0.002– 1.73
0.007– 0.33
0.010– 23.46

49
44
44
44
44

0.47
25.99
3.86
0.08
0.50

0.05
5.64
1.02
0.01
0.13

9.78
6.49
6.05
4.85
5.99

0.004– 4.00
0.094–391.72
0.021– 42.32
0.007– 1.62
0.005– 4.80

147
108
108
72
94

1.93
15.26
4.95
0.20
13.90

0.24
4.31
1.04
0.02
2.69

8.94
5.16
6.36
4.26
8.76

0.004– 43.00
0.085–233.50
0.023– 86.00
0.007– 10.94
0.006–210.00

Sample size.
Sum of othro-, para- and meta-xylene.
c
Alkyd-based (N=116), synthetic wall paints (N=8), traditional turpentine paints (N=4), chloro-rubber (N=16), and nonspecified solvent-based (N=3)
paints.
a

b

during the application of water-based paint (GSD 2.22)
versus solvent-based paints (GSD on the order of 4 to
5). Xylene and ethyl-benzene concentrations tended to
be higher during the application of solvent-based paints.
Patterns of exposure levels for toluene, n-hexane, and
n-decane did not indicate clear differences between
those for water-based and solvent-based paints.
The Dutch occupational exposure limit for toluene (150
mg/m3) was not exceeded in any of the measurements.
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However, the xylene exposure limit of 210 mg/m3 was
exceeded in two measurements, which were collected
during painting with solvent-based paints.
Examination of the correlation among selected hydrocarbon concentrations in the air revealed that only xylene and ethyl-benzene were highly correlated (table 3).
However, there was a weak-to-moderate positive correlation among the pairs of all five hydrocarbons (toluene, xylene, ethyl-benzene, n-decane, and n-hexane).

Burstyn & Kromhout

A principal component analysis revealed that two sources of variability accounted for 79% of the multiple correlation among the selected hydrocarbons (table 4). The first
principal component was approximately equally positively associated, as judged by the eigenvector, with all
five hydrocarbons. The second principal component was
primarily positively associated with n-hexane and negatively associated with xylene and ethyl-benzene. When
separate principal component analyses were repeated for
different paint types, they revealed the same pattern as
for the pooled data (not shown).
On the basis of these considerations, and taking into
account the distribution of individual hydrocarbon
concentrations, three dependent variables were selected for modeling historical exposure trends. These
were the natural logarithm of the toluene concentration and the scores of the first and second principal
components (computed as eigenvector-weighted sums
of the natural logarithms of the exposure concentrations
for the five hydrocarbons). The results of the mixed
effects modeling (table 5) indicated that, between
1980 and 1999, the toluene exposures measured during
the application of solvent-based paints declined by an average of 12% per year, equivalent to the halving of the
exposure levels approximately every 5.5 years. Solventbased paints were associated with an approximately 17
times greater toluene exposure relative to the circumstances in which paints were not used (eg, clean-up
or preparation of surfaces for painting). Water-based
paints were associated with approximately doubled
toluene exposure relative to the circumstances in
which no paints were used. As could have been expected, the samples collected in small rooms (< 50
m3, also identified as worst-case sampling in one survey), were associated with a near-doubling of the toluene concentration when compared with samples collected in large rooms and outdoors. House painting was associated with a ninefold increase in toluene concentration relative to shipyard painting (on the assumption of
a similar type of application). Spray-painting was associated with a fivefold increase in toluene exposure relative to manual painting. The presence of local exhaust
ventilation was not retained in the final model, because of confounding; it was associated with higher
exposure concentrations and negation of the effect
of small room volume. The toluene exposure model
explained most of the between-worker variance
(86%), reducing the residual range within which 95%
of the average exposure concentrations for individual
workers were likely to fall [BWR0.95 (22)] from 1580 to
16. However, the substantial day-to-day (within-worker) variance remained unexplained by our model. Both
the between- and within-worker variance components
estimated in the mixed-effects model differed significantly from zero. The trends in exposure to toluene dur-

Table 3. Pair-wise Pearson correlation for exposure levels to five
hydrocarbons (subjected to natural logarithm transformation)
measured during commercial painting (all P<0.0001 unless otherwise specified, 223 observations).
Hydrocarbon

Xylene

Ethylbenzene

n-Hexane

n-Decane

Toluene
Xylene
Ethylbenzene
n-Hexane

0.37
.
.
.

0.34
0.97
.
.

0.54
0.12 a
0.12 a
.

0.40
0.38
0.41
0.34

a

P<0.08

Table 4. Results of the principal component analysis of multiple
correlation for the exposure levels to five hydrocarbons (subjected to natural logarithm transformation) measured during commercial painting. Varimax rotation was used; only principal components with an eigenvalue of >1 are shown (223 observations).
First principal
component

Hydrocarbon

Toluene
Xylene
Ethylbenzene
n-Hexane
n-Decane

Second principal
component

Eigenvalue
(variance explained)

Eigenvalue
(variance explained)

2.65 (53%)

1.28 (26%)

Eigenvector

Eigenvector

0.43
0.52
0.52
0.30
0.42

0.42
–0.43
–0.43
0.65
0.18

ing the predominant use of solvent-based paints in large
rooms or outdoors predicted by our models are illustrated in figure 1.
Regression coefficients for the predictors of the
scores of the principal components followed a slightly
different pattern than that of toluene (table 5). It should
be noted that these were estimated from a smaller subset of the overall data and thus cannot be expected to
be identical to those observed for toluene. Nonetheless,
the first principal component was strongly associated
with a historical decline in exposure levels during the
application of solvent-based paints. It was also strongly
positively associated with the application of solventbased paint and spray-painting. On the other hand, the
score of the second principal component revealed neither time trends nor an association with the use of solvent-based paints. It was, however, positively associated with spray-painting and house-painting with waterbased paints.
None of the mixed-effects models indicated deviations from the assumption of homoscedasticity, as indicated by the residual plots.

Deterministic single-cell model
From the database, we extracted 77 observations
that were suitable for evaluating a deterministic
Scand J Work Environ Health 2002, vol 28, no 6
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Table 5. Determinants of exposure to hydrocarbons (fixed effects) among commercial painters — results of the mixed effects models
with worker as a random effect and with a compound symmetry covariance structure.
Ln(mg/m3 toluene) a

Determinant of exposure

Intercept
Year (since 1980) ×
solvent-based paint
Solvent-based paint (1)
versus no paint (0)
Water-based paint (1)
versus no paint (0)

First principal component b

Range or
count c

βd

SE e

P(β≠0) f

Range or
count c

βd

SE e

P(β≠0) f

·

–2.84 g

0.36

0.0001

·

.

–0.44

0.41

–0.12

0.02

0.0001

14–19

–0.30

0.10

196

2.82

0.44

0.0001

116

5.92

.

0–19

Second principal component b
βd

SE e

P(β≠0) f

0.28

0.82

0.26

0.003

0.004

0.10

0.07

0.15

1.83

0.002

–1.86

1.19

0.12

0.38

0.4

0.43

0.25

0.09

·

·

·

·

·

–1.51

0.27

0.0001

0.68

0.22

0.003

49

0.74

0.41

0.07

48

0.31

Small room (1) versus
large room or outdoors (0)

100

0.45

0.25

0.07

–

·

Shipyard painting (1)
versus house painting (0)

132

–2.25

0.36

0.0001

128

–0.35

0.44

0.4

Spray-painting (1)
versus manual painting (0)

31

1.68

0.39

0.0001

24

1.41

0.38

0.0003

Covariance components

Estimate
SE e
(% explained
by model h)

Pi

Estimate
SE e
(% explained
by model h)

Pi

Estimate
SE e
(% explained
by model h)

Pi

Between worker

0.49 (86)

0.18

0.0070

0.66 (50)

0.2

0.0009

0.11 (85)

0.06

0.0700

Within worker (day-to-day)

2.22 (11)

0.22

0.0001

1.28 (2)

0.1

0.0001

0.62 (0)

0.07

0.0001

a

304 measurements and 137 workers.
223 measurements and 63 workers.
For the determinants of exposure, counts for dummy variables (number of “yes”) and ranges for continuous variables, different sets of values existed
for the model based on toluene exposure and the two models based on the scores of the first two principal components as dependent variables.
d
Regression coefficient for fixed effect.
e
SE is the standard error of β or the estimate of the covariance component.
f
Student’s t-test for the fixed effect.
g Exposures when paint was not used (N=59 for toluene exposure), during manual house painting under representative conditions.
h Percentage of the covariance component explained, relative to the model with only random worker effect.
i
P-value of the Wald test for the covariance component being equal to zero.
b
c

Figure 1. Predicted trends in exposure of commercial painters to
toluene during the application of solvent-based paints either in large
rooms (>50 m3) or outdoors.

single-cell model. For these observations, total hydrocarbon exposure (n-hexane, toluene, ethyl-benzene,
o-/p-/m-xylene, styrene, n-nonane, 3-ethyl-toluene,
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4-ethyl-toluene, and n-decane) had an arithmetic mean
of 32.96 mg/m3, a median of 20.27 mg/m3, and a range
of 0.03–242.29 mg/m3; the estimated source strength
had an arithmetic mean of 13.92 mg/s, a median of 9.23
mg/s, and a range of 0.59–79.76 mg/s; the estimated
ventilation rate had an arithmetic mean of 0.71 m3/s, a
median of 0.31 m3/s, and a range of 0.03–3.50 m3/s.
The nonlinear ordinary least-square estimation procedure revealed that equation 3 explained the variation
in the total hydrocarbon exposure concentrations very
well, as judged by an adjusted R2 of 0.76. However, the
parameter estimates differed from those expected with
a single-cell model, equation 2. Thus β1 was estimated
to be 1.26 (approximate standard error 0.01), and β2 was
estimated to be 0.13 (approximate standard error 0.07).
Assuming a normal distribution of the parameters, we
obtained the following approximate 95% confidence intervals (95% CI): 1.24 –1.28 for β1 and – 0.01– 0.27 for
β2. Therefore, the hypotheses that β1 = 1 and β2 = –1
could be rejected with 95% confidence. In addition,
Wald tests indicated that the probabilities that β1 = 1
and β 2 = –1 were both only 0.0001. There was no
relationship between the predicted values and residuals

Burstyn & Kromhout

from the model. The residuals followed a symmetric frequency distribution that resembled a Gaussian normal distribution.

Discussion
Our study is the first attempt to use historical exposure
measurements to model determinants of exposure among
commercial painters, and it is the first report of an exposure database specifically developed to support a
health surveillance program among commercial painters. Previous attempts to model long-term exposures to
mixed solvents among painters either relied on an expert assessment approach or simply used duration of
exposure as a surrogate of dose (23). However, quantitative exposure estimates that recognize time trends in
exposure are needed to facilitate exposure-response
modeling and accurate risk assessment through longitudinal studies.
Toluene appears to be a promising proxy for aromatic hydrocarbon solvent exposure, since it appeared to
correlate well with other aromatic hydrocarbons and
showed similar associations with determinants of exposure as the score of the first principal component. However, our data was limited in its ability to explore the
relation between aromatic and aliphatic hydrocarbons,
since aliphatic hydrocarbons (such as n-hexane) were
not monitored in all the production circumstances where
toluene was determined. Thus it is recommended that
the relationship between aliphatic and aromatic hydrocarbon exposure during painting be explored in future
studies. Such studies are especially important in that we
identified a significant second principal component
among the hydrocarbon exposures, and this finding indicates that the relative composition of hydrocarbon
emissions can vary substantially among different production circumstances.
We observed that exposure levels of painters using
solvent-based paints have declined by a factor of 11 over
a 20-year period in The Netherlands. This reduction reflects the decline in the solvent content of the solventbased paints and the introduction of water-based paints
that have become more widely used since the 1990s. A
historical decline in exposures to solvents among painters has been reported recently, but not quantified (24).
Furthermore, distinct differences in exposure were detected between solvent- and water-based paints, between
shipyard and house painting, and between spray and
manual (with roller or brush) painting. The effect of
spray-painting observed in our study was approximately two times greater than that suggested by “experienced
industrial hygienists” (5 versus 2–2.5) (23). The intensity of exposure during a given time period, the location, and the type of application can be estimated

directly from our toluene exposure model. (See appendix 2.) Information on exposure intensity would have
to be combined with data on exposure duration to derive cumulative and career-average indices of exposure
for studies on health effects. We have confidence in our
estimates of exposure intensity, since the model on
which they are based explained most of the betweenworker variability.
In any exposure assessment that applies our results,
the modeled estimates for exposure intensity would have
to be adjusted for the use of respiratory protective equipment in estimates of solvent exposure for painters in the
surveillance program. To achieve this goal, we propose
that the following previously estimated protection factors for painters exposed to mixed solvents be used: 0
for dust masks, 0.65 for cartridges, and 0.90 for supplied air respirators (23).
The toluene exposure model has important limitations. First, the categorical variables identified as determinants of exposure do not reflect the complexity of
workplaces. Thus, in coding the type of paint used, we
noted that, in many circumstances, painters used both
solvent- and water-based paints during exposure monitoring. The paint type was coded on the basis of the predominant paint type used (by mass or volume), and
therefore the observed contrast between different paint
types is probably an underestimate of the true differences. The classification of paints into only two types of
paints is, in itself, rather crude, as it may not reflect toxicologically relevant differences in hydrocarbon emissions. It is also likely that the composition of paint and
the patterns of use of paint thinners by painters have
varied through time. Second, the estimation of the effect of local exhaust ventilation was confounded by its
being used when exposures were expected to be high
(such as in confined spaces in the hull of ships). Third,
we did not observe any differences between exposure
levels during painting in large rooms and outdoors. This
result may reflect the fact that, at present, the use of solvent-based paint is permitted in outdoor applications but
not in indoor applications in The Netherlands. In any
case, in the questionnaire administered as part of the
health surveillance program, painting outdoors and the
use of local exhaust ventilation are combined into one
question. Not having separate estimates of the effects
of these factors should therefore not hinder the exposure reconstruction effort.
The validity of the exposure trends that we observed
was impossible to assess because we were not able to
locate suitable quantitative exposure data. This lack of
data is not surprising since, as far as we have been able
to ascertain, this report is the first comprehensive study
of exposure trends among painters.
We observed that the single-cell model did not adequately describe exposures among painters. However,
Scand J Work Environ Health 2002, vol 28, no 6
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we identified a stronger-than-expected positive effect of
source strength; this result indicates that efforts to reduce exposure should be focused on altering that factor. The protective effect of ventilation on exposure levels was not observed, probably because (i) ventilation
was increased by the painters in anticipation of high
exposures and (ii) the configuration of ventilation systems (mostly general ventilation by opening doors and
windows) was not adequate to achieve exposure reduction. It has been reported that “good ventilation . . . is
often difficult to achieve in construction work [p 266]”
(25). It is also possible that errors in the estimation of
the effective air exchange (the applied methods in the
survey were admittedly crude) prevented us from observing the true effect of ventilation on the exposure levels. Nonetheless, we did not observe the protective effect of general mechanical ventilation and strong natural drafts that was reported by Riala et al (25), even
though there was almost a 100-fold range in airflow
rates in our study. In general, our experience indicates
that caution is advised in the application of simple deterministic models to assess exposures. Our results confirmed that more sophisticated physical models are
needed to predict exposures during painting, such as
those developed for solvent exposure during spray painting by inhalation (26) and by dermal uptake (27, 28).
Deviations of predictions of single-cell models from real
exposures were also shown in numerical simulations to
be greatly dependent on both ventilation rate and type
of exposure source (constant or varying strength) (29).
However, for most epidemiologic applications, such as
the one our study was catering to, more sophisticated
models are not applicable due to the lack of sufficiently
detailed production records. Future efforts to lower hydrocarbon exposure among painters should focus on the
reduction of source strength and focus equally on the
volume of paint used and its formulation (reduction of
concentration of toxic substances in paint and use of
paint components of lower vapor pressure). The use of
low-vapor-pressure substances in paint, however, should
be considered in conjunction with the consideration of
concerns about the exposure of eventual space occupants
to low-vapor-pressure substances.
In conclusion, using toluene as a proxy for total solvent exposure, we developed an exposure model that can
be used to predict the intensity of inhalation exposure
to aromatic solvents for the years 1980–1999 in a health
surveillance program among commercial painters in The
Netherlands.
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Appendix 1
SAS 6.12 code for fitting data to a deterministic single-cell model: e = exposure concentration; s = source strength,
q = ventilation rate, beta1 and beta2 are model parameters β1 andβ2, respectively. The two “test” statements request
Wald tests to be performed, producing the probabilities that β1 and β2 are equal to 1 and –1, respectively:
proc model data=;
parms beta1 beta2;
var s q;
e = (s**beta1)*(q**beta2);
fit e;
test beta1 = 1;
test beta2 = –1;
run;

Appendix 2
The predicted median of the long-term between-worker distribution of average exposure intensity measured as milligrams of toluene per cubic meter is as follows:
X = Exp[–2.84 – 0.12 × (years since 1980) × (solvent-based paint: 1 if yes, 0 if paint not used) + 2.82 ×
(solvent-based paint: 1 if yes, 0 if paint not used) + 0.74 × (water-based paint: 1 if yes, 0 if paint not
used) –2.25 × (shipyard: 1 if yes, 0 if house paining) + 1.68 × (spray-painting: 1 if yes, 0 otherwise) +
0.45 × room < 50m3: 1 if yes, 0 otherwise) + 0.5 × 2.22].

(1)
(continued)
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In order to translate these predictions into a mean exposure intensity for a given year, we had to take into account the variability in the work performed over the time interval (eg, both water- and solvent-based paints could
have been used by a painter in a given year). Thus we calculated the median of the mean exposure (Mj) for a worker
who experienced N exposure scenarios (S1j, S2j, ... Sij ... SNj) in a given year (j) according to the following formula:
Mj = Σ {Xij × f(Sij) × (1 – PFij)} for all Sij that fall into the time interval/year (j),

(2)

where Xij represented the median value of the long-term means of individual exposures of a group of workers who
experienced exposure scenario Sij in a given interval (j) (ie, prediction of the multiple linear regression model, equation 1), f(Sij) was the frequency of scenario i during time interval j, such that Σf(Sij) = 1 for a given j, and PF ij is
the protection factor for a respirator worn during exposure scenario Sij (0 for dust mask, 0.65 for cartridge
respirator, and 0.90 for air-supplied respirator).
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