
Ann. Occup. Hyg., Vol. 54, No. 4, pp. 417–426, 2010
� The Author 2010. Published by Oxford University Press

on behalf of the British Occupational Hygiene Society
doi:10.1093/annhyg/meq021

Occupational Exposure to Organic Solvents during
Bridge Painting
HUA QIAN1, NANCY FIEDLER2, DIRK F. MOORE3 and
CLIFFORD P. WEISEL4*

1Exposure Science Graduate Program, Graduate School of Biomedical Science, University of
Medicine and Dentistry of New Jersey; 2Clinical Research and Occupational Medicine, Environmental
and Occupational Health Sciences Institute, Robert Wood Johnson Medical School, University of
Medicine and Dentistry of New Jersey; 3Environmental Epidemiology and Statistics, School of Public
Health, University of Medicine and Dentistry of New Jersey; 4Exposure Science Division,
Environmental and Occupational Health Sciences Institute, Robert Wood Johnson Medical School,
University of Medicine and Dentistry of New Jersey

Received 1 October 2009; in final form 17 December 2009; published online 30 March 2010

Exposure to volatile organic compounds (VOCs) from bridge painting was measured in
New York City and New Jersey during the summer and fall seasons from 2005 to 2007. The
effect of painting activities (paint coating layer, confinement setup, and application method)
and meteorological conditions (temperature, humidity, and wind speed) on solvent exposure
to aromatic, ketone, ester, and alkane compounds were individually evaluated. Mixed-effect
models were used to examine the combination effects of these factors on the air concentration
of total VOCs as the individual compound groups were not present in all samples. Air concen-
tration associated with spraying was not affected by meteorological conditions since spraying
was done in a confined space, thus reducing their impact on solvent air concentration. The
mixed models for brushing and rolling samples included two fixed factors, i.e. application
method and temperature, and one random factor, i.e. sampling day. An independent dataset
(daily air samples) was used to validate the mixed model constructed for brushing and rolling
samples. The regression line of the predicted values and actual measurements had a slope of
1.32 6 0.15 for daily brushing and rolling samples, with almost all points being within the
95% confidence bands. The constructed model provides practical approaches for estimating
the solvent exposure from brushing and rolling activities among construction painters. An
adjusted mean air concentration derived from the activity-specific spray samples was the best
estimate for that painting application.
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INTRODUCTION

Steel bridges need to be rehabilitated and repainted
regularly to prevent rust and corrosion. Oil-based
paint is widely used for bridge maintenance despite
its declining usage in other settings (Bratveit et al.,
2004). Oil-based paint solvents are a mixture of

chemicals, including aliphatic and aromatic hydro-
carbons (e.g. toluene and xylene), oxygenated sol-

vents (e.g. ketones and methyl ethyl ketones),

alcohols (e.g. ethanol and butanol), and esters (e.g.

n-butyl acetate) (Seedorff and Olsen, 1990). Since

paint solvents are volatile organic compounds

(VOCs), they are readily released into the air during

and after applying paint to surfaces. Thus, construc-

tion painters are continuously exposed to solvents

throughout their working lifetime.
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Long-term solvent exposure has been associated
with neurobehavioral impairments (Baker, 1994;
Ruijten et al., 1994; Seeber et al., 1996) but not
consistently across all the studies due to differences
in study design, methods of neuropsychological
evaluations, and misclassification of exposure
(Anshelm Olson 1982; Spurgeon et al., 1992; Dick
et al., 2000). Accurate estimation of long-term sol-
vent exposure is particularly challenging since his-
torical solvent exposure data are often incomplete
or never collected. Specific chemical components
and their proportions in paint have varied over time
in order to meet consumer expectations for high
quality and performance at a low cost, as well as
the legal regulations for air pollution emissions
(Weiss, 1997). Furthermore, bridge painters are gen-
erally exposed to complex and varying mixtures of
solvents, which make quantitative estimation of their
historical exposure levels even more difficult.

Cumulative lifetime exposure estimation has been
proposed as one approach with sufficient accuracy to
evaluate lifetime exposure to total hydrocarbons
(Seeber et al., 1996). Cumulative lifetime exposure
in the workplace is based on organic solvent expo-
sure monitoring and information on each painter’s
job history. A common approach to determine
a painter’s job history is through detailed painting
questionnaires. However, very few quantitative sol-
vent exposure measurements from bridge painting
have been reported. The link between the solvent ex-
posure levels and influencing factors, such as paint-
ing activities and meteorological conditions, has also
not been documented. Improvements in lifetime sol-
vent exposure estimation can greatly facilitate the
construction of an exposure–response relationship
from which potential risk to develop neurological
diseases among bridge painters can be determined.
The objective of the current study is to investigate
the relationship between air concentrations of VOCs
during bridge painting and potential influencing fac-
tors, including paint application methods (spraying,
rolling, and brushing), paint coating type (primer, in-
termediate, and finish coatings), and meteorological
conditions (temperature, humidity, and wind speed)
through multivariate regression models. These re-
gression models then can be used to predict solvent
exposure during bridge painting.

METHODS

Air samples

Sample collection. All air samples during bridge
painting were collected using personal samplers:

3M Organic Vapor Monitors (OVM 3500). Outdoor
paint is applied to steel at air temperatures between
4�C and 32�C and relative humidity of ,85% for
their optimal performance. Thus, most samples in
this study were collected in summer and fall, the
two main working seasons for bridge painting. The
study protocol for collection of personal air samples
was approved by the Institutional Review Board for
Human Subjects from the University of Medicine
and Dentistry of New Jersey. All participants signed
informed consent forms.

There were two types of air samples collected in
this study: activity-specific air samples (N 5 57, from
16 sampling days) and daily workday air samples
(N 5 30, from 10 subjects) (Table 1). The activity-
specific samples measured personal air concentrations
during specific painting activities (1–4 h), which were
expected to be the peak exposures to a painter. The
sampling duration for the activity-specific sample
was the time period that a painter engaged in one spe-
cific application method. The daily workday air sam-
ples represent the cumulative personal solvent
exposure during a full work shift (�8 h), including
both painting activities and non-painting activities.
The break time for lunch was recorded but not in-
cluded in the time duration when calculating the air
concentration for both activity-specific samples and
daily workday samples. No record of whether shorter
breaks were taken was documented.
Sample analysis and quality controls. A standard

analytical procedure (NIOSH 1500/1501) was used
to analyze the air samples within 1 month of their re-
ceipt. Briefly, the organic chemicals were desorbed
from the charcoal pads of badges using a mixture
of acetone:CS2 (2:1 in volume) and analyzed by
Gas Chromatography - Mass Spectrometry (GC-
MS, HP6890) operated in the split mode. Twenty-
seven major chromatogram peaks were identified in
both activity-specific samples and daily samples
based on a comparison of retention times and mass
spectra to peaks from a calibration standard, Japa-
nese Indoor Air Standards Mix (Supelco, 47537-
U). The chemical compounds identified in the air
samples were grouped into four classes of com-
pounds: aromatic compounds, esters, alkanes, and
ketones plus alcohols represented as a ketone group.
A chemical with a concentration lower than its
method detection limits (MDL) was assigned ½
MDL as its concentration.

One field blank was collected within each field trip
for activity-specific samples and one field blank was
collected along with the three daily samples returned
by each subject by mail (Table 1). All the field blanks
were analyzed following the same procedure as the
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air samples. To monitor any potential loss during the
mailing process, 5 ng of each target compound was
spiked onto five OVM badges in the laboratory.
These spiked badges were sent out and mailed back
within 1 week. The recovery rates of the spiked
standards from these five badges, which were consid-
ered as positive controls, ranged from 71 to 90%, so
no correction for losses of compounds during collec-
tion or storage of badges was applied to the samples.

Auxiliary information collected

For the activity-specific sampling, study personnel
recorded information on application methods, work-
ing environments, paint brands, and paint coatings.
For the daily solvent exposure monitoring, each par-
ticipant completed a simple log sheet describing the
paint brands, application methods, overall sampling
duration, and duration for each painting activity.
The completed log sheets and the collected air sam-
ples were returned to us by mail. Meteorological
conditions for both activity-specific samples and
daily samples were time-averaged values and ob-
tained from the National Climatic Data Center.

Three common application methods, spraying,
rolling, and brushing, are used for bridge painting.
Current regulations require spraying to be conducted
in a confined working space to minimize environ-
mental release of toxic compounds. Wearing protec-
tive equipment, both half-face mask and appropriate
clothing, is mandated during spraying operation.
Rolling and brushing are more often conducted in
an open working space. Rolling is a more efficient
and even painting method than brushing. On the

other hand, brushing is good to use on uneven surfa-
ces or the spots hard to reach (e.g. corner or very nar-
row areas).

A three-coat system (primer, intermediate, and
finish coatings) using a single paint brand is cur-
rently the most widely used system for bridge
painting (National Steel Bridge Alliance, 2010).
The major chemicals present in different coating
layers vary due to their specific function in the
painting process. But the chemical compositions
in each coating layer are quite similar across differ-
ent paint brands. Thus, rather than paint brands, the
influence of paint coatings on the VOC emissions
from painting was assessed.

Statistical analysis

Activity-specific exposure samples were used to
explore the associations between the air concentra-
tions of four groups of compounds and the potential
influencing factors, including painting method, paint
coating type, meteorological condition, and if the
painting was done in a confinement (SigmaPlot for
Windows version 10.0). To account for any potential
interaction among these factors, a multivariate
regression model then was constructed based on
activity-specific samples. Since not all compounds
were present in all samples, there were too few data
points to fit a multivariate linear regression model
separately to each of the four groups of compounds.
Thus, multivariate analysis was only applied to the
total volatile organic compound (TVOC) concentra-
tions (SAS for Windows version 9.1). There were
between three and five activity-specific exposure

Table 1. Comparison of two types of air samples from bridge painting

Activity-specific air samples Daily workday air samples

Time 2005–2007 2006–2009

Location New York City and New Jersey New York, New Jersey, and Pennsylvania

Sampling
device

OVM OVM

Number of
samples

Fifty-seven samples collected in
16 field trips. Each field trip: three
to four samples from three to four
painters and one field blank

Thirty samples collected by 10 subjects.
Each subject: three samples from three
working days and one field blank

Sampling
duration

1–2 h for spray samples (in confinement).
3–4 h for brush/roller samples
(mostly in open space)

A full work shift (�8 h)

Questionnaire Brand of paint, coating layers,
meteorological conditions,
application methods, and duration

Brand of paint, application methods,
sampling duration, and duration for
each painting activity

Transportation Stored in a cooler and sent back to
the laboratory in the same day

Mailed back to the laboratory at room
temperature within 1 week

Analyzing
methods

NIOSH 1500/1501 NIOSH 1500/1501

Data analysis Model construction Model evaluation (prediction)
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samples collected on a single sampling day. To ac-
count for between-day variability, a mixed-effect
model was constructed with sampling day as the
grouping factor.

A three-step model selection procedure was per-
formed in this study based on Akaike’s Information
Criterion (AIC). AIC score, which takes into account
both the goodness of fit and the complexity of an es-
timated statistical model, was used as an evaluation
criterion for model selection. Briefly, we first con-
structed simple mixed models for each individual
factor separately. Then, a multivariate mixed model
was constructed including the factors that were sta-
tistically significant from the individual models. Fi-
nally, the multivariate mixed model was compared
with the individual models with significant variables
and a full mixed model with all factors to select the
best model based on the evaluation criterion. Lower
values of AIC indicate the preferred model, i.e. the
one with the fewest parameters that still provided
an adequate fit to the data.

The prediction ability of the mixed model was as-
sessed using an independent dataset, the daily expo-
sure samples. The daily exposure samples included
the solvent exposure from painting activities and
non-painting activities within one work shift, col-
lected from different painters, and on different days
than the activity-specific samples. The predicted
exposure level for each painting activity in daily
samples was estimated from the mixed models sep-
arately, which assumed independent contributions
to the solvent exposure from sequential painting ac-
tivities. The total exposure levels for each daily sam-
ple with multiple painting tasks were calculated as
the sum of the time-weighted predicted values for
each painting task from the model.

RESULTS AND DISCUSSION

Descriptive statistics

For activity-specific samples, the relations between
solvent exposure from four groups of compounds and
application methods, paint coating layers, and meteo-
rological conditions were investigated separately.
Application methods. Air samples were collected

while painting using three application methods:
spraying, rolling, and brushing. The concentrations
of aromatics, esters, and ketones during spraying
are one to two orders of magnitude higher than those
from the other two methods (Fig. 1a). Two reasons
for the higher exposure concentrations from spray-
ing are that the amount of paint used per hour in
spraying is much higher than rolling and brushing,

and the spraying was conducted in a confined work-
ing space due to legal regulations. Thus, air concen-
trations accumulate over the time that spraying takes
place. Rolling and brushing were usually conducted
in the open space that allowed the emissions to dis-
perse. The solvent exposure level from rolling is
about an order of magnitude higher than brushwork,
except for a few ‘outliers’ in aromatics and alkane
groups of compounds during brushwork (Fig. 1b).
The two outliers in the air concentrations during
the brush application were collected on the same
day when brush painting was conducted in a confined
space following preparing the bridge surface using
a blasting technique. During blasting, a confinement
is erected to avoid the spread of potentially contam-
inated particles to the surrounding neighborhood.
The air concentration measured when brushing was
done in a confinement was an order of magnitude
higher than the median value of the air concentration
when brushing was done in an open space, though
still an order of magnitude lower than the median
spraying value. Thus, the type of painting applica-
tion methods and the usage of working confinement
influence the potential solvent exposure greatly.
Coatings. A three-coating layer painting system

(primer, intermediate, and finish coatings) has been
applied on all the bridges where we collected air sam-
ples in this study. Figure 2 shows the distribution of
four groups of compounds in the air samples collected
while each coating layer was used. While measurable
concentrations of aromatic compounds were present
when each of the three coating layers was being ap-
plied, the highest levels occurred with the primer
and intermediate coatings. Esters were only associ-
ated with the finish coating. Ketones and alkanes
mainly existed when the primer coating was applied.
Since most of the activity-specific samples from spray
painting (15 of 18 samples) were collected when in-
termediate or finish coatings were applied, the alkane
compounds in these samples were very low (Fig. 1a).
Thus, the chemical composition in the air varied
when different coating layers were applied during
painting. The specific compound classes observed
were consistent with the composition reported in the
paint manufacturer’s material safety data sheets.
Meteorological conditions. Meteorological condi-

tions recorded in this study included temperature,
wind speed, and relative humidity. The meteorolog-
ical conditions, especially wind speed, had little im-
pact on solvent air concentrations during spraying
activities, which were conducted in a confined space.
The concentrations of daily average TVOCs for
brushing and rolling samples generally increased
with increasing temperatures (Fig. 3a), decreasing
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wind speed (Fig. 3b), but had no consistent pattern
with relative humidity (Fig. 3c). Higher temperature
increases volatilization of chemical compounds re-
sulting in higher emission rates. Wind speed dilutes
air concentrations for similar emission rates reduc-
ing solvent exposure, especially for the samples
collected in an open working space. However, the
trend of the air concentrations decreasing with
increasing wind speed is weak (R2 5 0.26). Wind
direction and its relative position to the painters
could not be determined because of the local eddies
resulting from traffic movement and structures near
where the work was being done and the continued
movement of the painters as they work. Thus, the av-

erage wind speed measured at a central monitoring
site is not a good reflection of what was being
encountered when the painting was being done.

Mean and median concentrations along with the
standard deviations of both activity-specific samples
and daily samples are summarized in Table 2. The
mean exposure concentrations and standard devia-
tions in activity-specific samples are much higher
for three of the four groups of compounds (except al-
kanes) than the daily sample values. One reason for
the large differences in the mean concentrations be-
tween the two types of samples is daily samples were
collected across an 8-h work shift as reported on the
log sheets that includes time required for setup and

Fig. 1. Concentrations of aromatics, esters, ketones, alkanes, and TVOCs from (a) spraying painting and (b) rolling and brushing
painting.
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break down of a work shift in addition to the actual
painting. Thus, the time-weighted average concen-
tration of daily samples could be reduced accord-
ingly. Alkanes were not in present in two coatings
applied by spraying when both activity-specific
samples and daily samples were taken, resulting in
their concentrations being near their detection limit
(Table 2). The usage of painting method, particularly
spraying, shows a dominant contribution to solvent
exposure. Compared to the other painting applica-
tions, the emission rate from spray painting is higher
and the air concentration associated with an emis-
sion accumulates when a confinement is present.

It was observed that five daily samples from three
subjects measured during spraying were about two
orders of magnitude lower than the air concentra-
tions from activity-specific samples. After contact-
ing the subjects, we learned that these daily
spraying samples were collected in a ventilated
working environment which would decrease the ex-
pected air concentrations and for which we did not
have matching activity-specific samples. Additional
activities associated with solvent-based painting,
such as paint mixing/thinning and solvent-based
cleaning, could also have solvent concentrations sev-
eral times higher than encountered during brushing
and rolling. However, that information was also not
recorded in our current activity-specific samples.
Thus, these daily samples are not included in the
Table 2 for comparison.

Exploring the associations between the air con-
centrations and each of the factors separately does

not account for potential interaction effects between
the factors. In addition, those analyses did not allow
for quantification of the relative contributions of
the factors for predicting solvent exposure based
on painting behavior. The within-day variance
(10,590.) for activity-specific spray sample is about
one-third of the between-day variance (39,580.)
and the within-day variance (30.37) for activity-
specific brush and roller samples is about one-fifth
of the between-day variance (146.4) indicating that
the within-day variances are much smaller than the
between-day variances. Therefore, mixed multivari-
ate regression model was used next to evaluate the
combination effects from these multiple factors on
TVOCs for the activity-specific samples.

Multivariate analysis

Because the air concentrations of solvents during
spray painting were all collected in a confinement
and were significantly higher than those during
brushing and rolling (Table 2), separate mixed mod-
els were fitted to spraying samples and to brushing
and rolling samples.

The TVOC concentrations from spraying samples
approximate a normal distribution. None of the coef-
ficient estimates were statistically significant at
a level of 0.05 in the individual mixed models, con-
sistent with the results found in the scatter plots be-
tween solvent concentration in spraying samples and
each of the factors (meteorological conditions and
coating types, data not shown). All the spraying ac-
tivities were legally required to be conducted in

Fig. 2. Concentrations of aromatics (AR), esters (ES), ketones (KE), alkanes (AL), and TVOCs (TV) from primer, intermediate,
and finish coatings.
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a confined space, which limits the influence of mete-
orological conditions on their air concentrations.
Types of coating showed some potential influences
on solvent exposure. However, other factors not re-
corded, such as pot pressures (to provide enough ma-
terial to the spray gun and atomize the material as
well) and spray gun techniques (FHWA, 1998), prob-
ably play more important roles in determining the

VOC exposure from spraying. Thus, in the current
study, the mean concentration alone is a good esti-
mator of the VOC exposure during spray painting.

The distribution of TVOC concentrations for
brushing and rolling samples is right skewed. Natu-
ral log transformation was therefore applied before
fitting the regression model. The application method
(P 5 0.0034) and temperature (P 5 0.024) are the
two significant factors from the individual mixed
model. Based on the AIC score, the best mixed se-
lected model for brushing and rolling samples only
include these two fixed factors and one random
factor, i.e. sampling days (Table 3). The coefficient
estimates of the application methods indicate that
the solvent exposure during rolling contribute more
exposure than brushing, consistent with results in
Fig. 1b. A positive coefficient estimate in the temper-
ature indicates a higher exposure concentration in
a working environment with higher temperature.
However, the confinement was not a significant fac-
tor as we expected. The possible reason is that too
few brushing and rolling samples were collected in
a confined space (total five samples) although air
concentration was one order of magnitude higher
when a confinement was used.

Model applications

The mixed model based on application method and
temperature using the activity-specific samples was
used to predict the TVOC concentrations for the
daily brushing and rolling samples. The inputs for
the model were obtained from the log sheets to deter-
mine application method and from the National Cli-
matic Data Center for the meteorological data
matching to the day and time period the sample
was collected. The measured and predicted TVOC
air concentrations from the model scatter around a re-
gression line with a slope of 1.32 – 0.15 for the daily
brushing and rolling samples (Fig. 4), indicating that
the predicted exposure estimates from the model are
good estimates of the actual personal air concentra-
tion measured. The regression line was forced to go
through the origin since the prediction value should
be zero when painting was not being done. The
95% Working–Hotelling confidence bands were con-
structed around this line, enabling us to see the region
in which the entire regression line lies and the uncer-
tainty of the estimates for the predicted samples
(Kutner et al., 2004). There are only a few values
outside the confidence bands (Fig. 4), indicating
the appropriateness of the fitted regression function.

However, the mean air concentration of activity-
specific samples from spraying is �6-fold higher
than that of daily spraying samples (Table 2). Several

Fig. 3. Concentrations of daily averaged TVOCs, alkanes,
esters, ketones, and aromatics vary with (a) temperature (�C),
(b) wind speed (m.p.h.), and (c) humidity (%) for brushing and
rolling samples. Regression lines in (a) and (b) are for TVOCs.
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different conditions existed between the daily and
activity-specific samples that could affect the air
concentrations. All the daily samples in the study
were collected from a single group of painters who
were spraying paint in a much larger confined work-
ing space than was used by the painters when the
activity-specific spraying samples were collected.
Thus, for a similar spray rate, this would result in

lower air concentrations due to greater dilution that
would occur in the larger confinement. The daily
samples were also collected between the end of
November and the beginning of December when
the ambient temperatures were ,42�F, an unusual
meteorological condition for bridge painting since
paint typically needs warmer temperatures to prop-
erly adhere to surfaces. To compensate for the low
ambient temperatures, a series of heaters were
placed in the confinement. However, the temperature
at the surface of the bridge would be expected to ap-
proach the ambient air temperature and the entire
confinement was not heated, which would reduce
the evaporation rate of the solvent vapor, again
resulting in a lower air concentration than would
be expected during the conditions sampled for the
activity-specific field conditions. Lastly, the esti-
mated concentrations of daily samples assumed that
the time recorded on log sheet was spent solely
painting without considering additional activities
that a painter may engage in during a typical work-
day, e.g. time spent preparing the painting site,
cleaning after painting, or downtime between paint-
ing. These auxiliary activities would likely be classi-
fied by a painter as time spent in painting activities
but are expected to result in lower exposures than
encountered during actual painting. We observed
that painters often move around to set up the painting
equipment and prepare the paint before each paint
application and those activities can account for
several hours during the workday. Spray painting
conducted in a confinement usually takes longer
time to set up and remove all the equipment com-
pared to brushing and rolling work, which is more
often done in an open space. Thus, using the mean
concentration from the activity-specific samples is
likely to result in an overestimation of the actual per-
sonal air concentration monitored during daily

Table 3. Outputs from the Mixed models for TVOCs

Mixed model Brushing and rolling samples

Fixed
effects

Estimate Standard
error

Pr
(.|t|)

Intercept �0.19 0.74 0.80

Method (rolling) 1.04 0.38 0.011

Temperature (�C) 0.067 0.036 0.073

Random effects Sampling days rb 5 0.59

Table 2. Concentrations of aromatics, esters, ketones, and alkanes in activity-specific exposure samples and daily solvent
exposure samples

Chemical groups Activity-specific exposure concentration (N 5 57) Daily exposure concentrationa (N 5 30)

Spray (N = 18)
(concentration in p.p.m.)

Brush and roller (N = 39)
(concentration in p.p.m.)

Spray (N = 12)
(concentration in p.p.m.)

Brush and roller (N = 18)
(concentration in p.p.m.)

Mean Median SD Mean Median SD Mean Median SD Mean Median SD

Aromatics 410.1 409.5 242.1 6.5 1.4 9.3 87.3 91.0 60.6 1.1 0.9 1.2

Esters 209.0 6.0 300.6 1.0 ,0.1 2.6 23.7 ,0.1 35.4 ,0.1 ,0.1 NC

Ketones 50.1 5.4 80.8 0.9 0.4 1.8 0.2 0.2 0.2 0.3 ,0.1 0.8

Alkanes ,0.3 ,0.3 NC ,3.0 ,0.3 6.9 ,0.4 ,0.4 NC 1.7 1.7 0.9

TVOCs 669.5 699.1 138.3 11.5 2.9 16.2 112 104 43.9 3.2 2.9 1.7

N, number of air samples; NC, could not be calculated; SD, standard deviation.
aSamples collected during mixing paints and cleaning paints with solvents or in a ventilated working environment were not
included.

Fig. 4. Predicated values versus actual measurements of daily
TVOCs for brushing and rolling samples with fitted regression

line and its 95% confidence bands.
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spraying operations and for the winter time painting
activity.

Occupational exposure to organic solvent
mixtures has been evaluated for various painting
activities, such as painting automobiles (Moen and
Hollund, 2000; Vitali et al., 2006), aircraft (Uang
et al., 2006), within shipyards (Lee et al., 2005),
and during building construction and maintenance
(Riala et al., 1984; Bigelow and Buchan, 2004).
Solvent-based paints are also used during bridge
painting, but the exposure levels have not been re-
ported. In the current study, personal air samples
were analyzed for VOCs during highway/subway
steel bridge painting. The average air concentrations
of TVOCs were 670 – 138 p.p.m. for spraying sam-
ples and 11.5 – 16.2 p.p.m. for brushing and rolling
samples. While painting the interior of buildings,
the air concentrations measured for painters using
solvent-based paints were at 235 p.p.m. using spray
painting and 194 p.p.m. using roller and brush paint-
ing in the rooms without mechanic ventilations (but
with door open) (Riala et al., 1984). The authors also
indicated that the concentration of solvent vapor
for brushing and rolling samples was reduced to
38 p.p.m. by the strong draft created by opening
the doors and windows, similar to the conditions that
the roller and brush painting done outdoors. For
spraying samples, the actual personal inhalation ex-
posure should be much lower than the levels mea-
sured considering the reduction in exposure from
the use of personal protection equipment (respira-
tors) during spraying operation. When the samplers
were worn inside the personal respiratory equipment
during a car-painting process, the mean air con-
centration of spraying samples was as low as
13.7 p.p.m. (Moen and Hollund, 2000). Thus, the
dose from exposure for spray painters who wear res-
pirators all the time could be lower than that for
brush or roller painters who often did not wear respi-
rators. This modification factor needs to be consid-
ered when estimating the actual inhaled solvent
exposure dose in risk assessment.

The air concentration during painting depends not
only on the type of painting being done but also on
other parameters related to the paint itself and mete-
orological conditions, which can be used to indirectly
estimate acute solvent exposure when measurement
data are not available. In the current study, we con-
structed a mixed-effect model to quantify the contri-
butions of important influencing factors on a solvent
exposure during bridge painting. Application meth-
ods were the most critical factors affecting solvent
exposure for all the samples, with temperature also
contributing to the variability in the solvent exposure

levels for brushing and rolling samples. This ap-
proach, constructing a linear regression model based
on activity information, was also used in Bigelow and
Buchan (2004) study to predict solvent exposure dur-
ing painting of buildings. However, a different set of
variables, including type of paint products (alkyd
paint, lacquer, sand sealer, and stain), paint supplies,
application location (indoor/outdoor), and tempera-
ture, were included in the model. The differences be-
tween most of the factors included probably reflect
the different working environments in two studies.
Comparing the four types of paint products in Bi-
glow’s study, the TVOC contents from three types
of coating layers (solvent-based paints) in the current
study did not differ significantly despite different
chemical compositions across the coating layers.
And also the application location and paint supplies
in our study were almost the same within each paint-
ing activity: spraying paint in confinement with
spraying guns or brushing and rolling painting in an
open space with open 5-gal pail of paint. The mixed
model constructed in our study was validated by an
independent dataset (daily samples), which was not
performed in Biglow’s study. The validated mixed
model then can be used to predict solvent exposure
concentrations during bridge painting based on their
application method and temperature for brushing and
rolling samples. The air concentrations associated
with spraying can be estimated using the mean con-
centrations of activity-specific spraying samples
adjusted by the time spend spraying relative to the
amount of preparation time. Certainly, including
information in the future to quantify the solvent
exposure contributions from ventilated working envi-
ronments or mixing paint and solvent-cleaning paint
activities could extend the accuracy of the models in
predicting daily solvent exposure.

Characterization and quantification of solvent ex-
posure for construction painters is a key component
in analyzing epidemiological studies to establish
a dose–response relationship and for risk assessment
from exposure to solvents during painting. Various
approaches have been used to estimate lifetime sol-
vent exposure in epidemiological studies, such as us-
ing years of exposure as a surrogate dose (Johnson,
1986), questionnaire data (Fidler et al., 1987), or
job-exposure matrix (Glass et al., 1994). These ap-
proaches generally provide a ranking of exposure
in order to determine if individuals with greater
exposure more likely show health effects (e.g. cogni-
tive impairments), however, do not provide a quanti-
tative estimate of exposure during painting as
required for a risk assessment. Glass et al. (1994)
used the above three approaches to evaluate potential
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hazards to solvents during the manufacturing of
paint and indicated that years alone at a specific
job allocation was not satisfactory in estimating
exposure, but when air monitoring data collected
as part of an occupational hygiene program was
combined with a job-exposure matrix, the estimated
exposures were within the occupational standards.
Air monitoring data among construction painters
are limited; therefore, epidemiological studies of
construction painters have generally relied on years
of exposure or using estimates of gallons of paint
applied with a job matrix questionnaire describing
different applications methods to develop an expo-
sure matrix (Fidler et al., 1987; Grosch et al.,
1996). The results from the current study provide
estimates of air concentrations during the three pri-
mary application methods, spraying, rolling, and
brushing, which facilitate a historical solvent
exposure reconstruction for use in epidemiological
studies of construction painters and for risk charac-
terization from solvent exposures.
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