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Objectives: Isocyanate skin exposure may play an important role in sensitization and the de-
velopment of isocyanate asthma, but such exposures are frequently intermittent and difficult
to assess. Exposure metrics are needed to better estimate isocyanate skin exposures. The goal
of this study was to develop a semiquantitative algorithm to estimate personal skin exposures in
auto body shop workers using task-based skin exposure data and daily work diaries. The rela-
tionship between skin and respiratory exposure metrics was also evaluated.
Methods: The development and results of respiratory exposure metrics were previously re-

ported. Using the task-based data obtainedwith a colorimetric skin exposure indicator and a daily
workdiary,wedevelopeda skin exposurealgorithmtoestimatea skin exposure index (SEI) foreach
worker. This algorithm considered the type of personal protective equipment (PPE) used, the per-
centage of skin area covered by PPE and skin exposureswithout and underneath the PPE.The SEI
was summed across the day (daily SEI) and survey week (weekly average SEI) for each worker,
compared among the job title categories and also comparedwith the respiratory exposuremetrics.
Results: A total of 893 person-days was calculated for 232workers (49 painters, 118 technicians

and 65 office workers) from 33 auto body shops. The median (10th–90th percentile, maximum)
daily SEI was 0 (0–0, 1.0), 0 (0–1.9, 4.8) and 1.6 (0–3.5, 6.1) and weekly average SEI was
0 (0–0.0, 0.7), 0.3 (0–1.6, 4.2) and 1.9 (0.4–3.0, 3.6) for office workers, technicians and painters, re-
spectively, which were significantly different (P < 0.0001). The median (10th–90th percentile,
maximum) daily SEIwas 0 (0–2.4, 6.1) andweekly average SEIwas 0.2 (0–2.3, 4.2) for all workers.
A relatively weak positive Spearman correlation was found between daily SEI and time-weighted
average (TWA)respiratoryexposuremetrics (mgNCOm23) (r 5 0.380,n 5 893,P < 0.0001) and
between weekly SEI and TWA respiratory exposure metrics (r 5 0.482, n 5 232, P < 0.0001).
Conclusions: The skin exposure algorithm developed in this study provides task-based per-

sonal daily and weekly average skin exposure indices that are adjusted for the use of PPE.
These skin exposure indices can be used to assess isocyanate exposure–response relationships.
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INTRODUCTION

Isocyanates, highly reactive chemicals used to man-
ufacture polyurethane paints, foams and other prod-

ucts, remain a major cause of occupational asthma,
especially in end-use settings such as auto body re-
pair shops. Isocyanate exposure assessment and con-
trol has focused primarily on respiratory exposures,
but skin exposure likely can also contribute to sensi-
tization and asthma (Bello et al., 2007a; Redlich
and Herrick, 2008). The auto body industry uses
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isocyanates, primarily hexamethylene diisocyanate
and isophorone diisocyanate, as the hardener compo-
nent in polyurethane coatings, which typically
contain ,1% volatile monomers and .99% non-
volatile polyisocyanates (Bello et al., 2002, 2007b).
Assessing skin exposure to isocyanates in the auto
body repair setting presents a significant challenge.
The methodologies for assessing isocyanate skin ex-
posure are limited, and further complicated by the
nature of auto body repair work, which involves a va-
riety of sporadic tasks, numerous different isocyanate
products in multiple small shops and inconsistent use
of personal protective equipment (PPE).

The Survey of Painters and Repairers of Autobod-
ies by Yale (SPRAY) study investigating isocyanate
dose–response relationships initially focused on re-
spiratory exposures (Redlich et al., 2001; Sparer
et al., 2004; Woskie et al., 2004). It was not feasible
to obtain detailed exposure data on each auto body
shop worker to evaluate exposure–response relation-
ships. Thus, a task-based exposure algorithm was
developed, using task-based measured airborne con-
centrations, daily diaries of tasks performed and use
of PPE, to assess personal isocyanate inhalation expo-
sures (Woskie et al., 2004, 2008).

With increased awareness of the potential risks of
isocyanate skin exposure and demonstration of skin
exposure in a pilot study (Liu et al., 2000), SPRAY
was expanded to include evaluation of isocyanate
skin exposures using qualitative and quantitative
methodologies (Liu et al., 2007; Bello et al., 2008).
SWYPE� colorimetric indicators (CLI, Des Plains,
IL, USA) were validated as a tool for isocyanate skin
exposure and used to assess task-based skin expo-
sures in auto body shop workers following painting
and non-painting tasks (Liu et al., 2007). These col-
orimetric indicator pads, which measure the aliphatic
total isocyanate groups, were used to evaluate isocy-
anate contamination on skin surfaces exposed during
auto body repair tasks or underneath gloves, paint
suits or a respirator. A more limited quantitative skin
exposure assessment was also conducted in 22 of the
35 SPRAY shops using similar wipe pads, which
were analyzed for the total isocyanate group content
with the National Institute for Occupational Safety
and Health (NIOSH) 5525 method (Bello et al.,
2008).

This paper describes the development of a (semi-
quantitative) algorithm to estimate personal skin ex-
posures (daily and weekly) for an epidemiologic
study of auto body shop workers. To account for
the variable work pattern in auto body shops, task-
based skin exposure data and daily work diaries that
included tasks and use of PPE were used to estimate
an individual skin exposure metric. The qualitative
indicators described above were used in this algo-
rithm rather than the quantitative wipe data due to
the larger number of qualitative samples obtained

in all surveyed shops and the greater range of tasks
sampled. This individual daily and weekly skin expo-
sure index (SEI) was compared to previously devel-
oped respiratory exposure metrics (Woskie et al.,
2008) to evaluate their relationships and will be used
in future analyses to estimate the contribution of skin
(as well as respiratory) isocyanate exposures to im-
munologic, respiratory and other outcomes in the
SPRAY epidemiologic study.

MATERIALS AND METHODS

Auto body shop work process and task-based skin
exposure assessment

The skin exposure assessment supplemented the
ongoing SPRAY study. Study design, study popula-
tion and work processes are described in previous
publications (Redlich et al., 2001; Sparer et al.,
2004; Woskie et al., 2004; Liu et al., 2007; Woskie
et al., 2008). Briefly, auto body shop work can be
classified as painting and non-painting tasks, includ-
ing paint mixing, spray painting (sealer, primer, base
and clear coatings), grinding, sanding, polishing,
compounding (use of abrasive compounds to grind
the surface layers) and management or office work.
As previously described, task-based skin exposure
was evaluated in 124 auto body shop workers from
35 shops using colorimetric indicators (Liu et al.,
2007). Both unprotected skin areas and skin under
the protection of PPE were evaluated following
painting and non-painting tasks using SWYPE�
and Permea-Tec� colorimetric indicators (CLI).
Briefly, the SWYPE� color indicators were used to
wipe unprotected skin areas and skin areas covered
by a half-facepiece cartridge respirator (skin areas
covered by a dust mask or a full-facepiece respirator
were not evaluated). The Permea-Tec� patches were
placed on thumb, index and middle fingers and the
palm center to evaluate isocyanate breakthrough of
gloves and on the right chest or inner clothing to
evaluate the breakthrough of protective clothing.
Wipes that changed color after a task were recorded
as positive and the percent positive (we have previ-
ously used the term ‘rate of positive samples’) was
calculated as the number of positive samples divided
by the total samples for each task.

To identify the daily tasks with possible isocyanate
skin exposures, all tasks each SPRAY auto body par-
ticipant (n 5 232 workers) performed daily were
evaluated, using the work diary checklists that had
been developed for estimating personal respiratory
exposures as previously described (Sparer et al.,
2004; Woskie et al., 2008). Briefly, these diaries were
obtained on each SPRAY worker during four consec-
utive workdays (Monday through Thursday) when
medical evaluations were performed, noting what
tasks a worker had performed and the type of PPE
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used (if any) every ½ h. Tasks with possible skin
exposures were identified based on the task-percent
of positive samples obtained from the colorimetric
indicators.

Semiquantitative algorithm

Results from task-based qualitative skin wipe sam-
pling with and without use of PPE and the daily work
diaries were used to develop the skin exposure algo-
rithm. The fraction of the surface area of each body
part protected by PPE (coverall, gloves and respira-
tor) over the total surface area that can be exposed
was also taken into account. Spray painters might
wear T-shirts with hands, forearms, face and neck ex-
posed. When gloves were used, as indicated in the di-
ary, the hands were covered; when a half-facepiece
respirator was worn, a large part of the face was cov-
ered. If a nylon or Tyvek suit was used as indicated in
the diary, the arms and neck were covered. Reference
values for the fractional surface area of body parts
likely to be exposed in an auto body workplace were
used as a weighting factor in the algorithm.

Reference values for skin areas of body parts were
obtained from the burn management algorithm in the
‘Lund–Browder’ charts in Figure 129-1 of Wolf and
Prnitt (2008). The surface areas of body parts with
potential isocyanate exposure (hands, forearms, face
and neck) were expressed as a fraction of the total
body surface area: both hands 0.05 (2 � 0.025; i.e.
each hand makes up 2.5% of the total body skin sur-
face area), forearms 0.06 (2 � 0.03), face 0.035
(face area is approximately half of the head area or
0.07/2 5 0.035) and the neck area 0.02 (Table A-1,
OECD, 1997). The total fractional surface area of
hands, forearms, face and neck is 0.165 or 16.5%
of the total body surface area.

These data were used to develop a semiquantitative
SEI that estimated daily and weekly isocyanate skin
exposure for each worker (see Results and Table 3 for
more details on skin surface areas and calculations).

Statistical analysis

All data analysis was conducted using SAS� (Sta-
tistical Analysis Software, Version 9.13; SAS Insti-
tute, Cary, NC, USA). The qualitative wipe sampling
data and work diary data were merged with the sample
and shop information by shop and sample IDs. Per-
sonal daily SEI data were calculated for all SPRAY
participants for each day and averaged for all survey
days during the survey week (Monday through Thurs-
day) as the weekly SEI. SEI data were checked for
normality. Descriptive statistics (median, 10th–90th
percentile, maximum) were calculated for daily SEI
and weekly average SEI by self-reported job title
(painter, technician and office worker). A Kruskal–
Wallis rank sum chi-square test was performed to test
the differences in daily SEI and weekly average SEI
among the three job groups. Box plots were made

for daily and weekly SEIs by job title. A correlation
analysis was also performed on the daily and weekly
SEIs with daily and weekly respiratory exposure indi-
ces (lg NCO m�3) using Spearman’s rank correlation
coefficients.

RESULTS

The percent of skin positive samples for different
spray painting and paint-related tasks performed
without PPE and using PPE are shown in Tables 1
and 2, respectively, based on our prior qualitative
assessment of skin exposure (Liu et al., 2007). For
the exposure algorithm, some tasks were combined,
either because they were not significantly different
from each other and/or because the diary informa-
tion did not permit use of subcategories within
a task. For example, percent positive for several
paint-related tasks were combined, as the tasks were
brief and frequently performed within the same ½ h
time period in the diaries (Table 1). Similarly for
percent positive under gloves, all painting tasks
were combined into ‘spray painting’ (Table 2). For
a few tasks that were not qualitatively sampled both
with and without PPE, percent positive for related or
similar tasks were used. For example, the percent
positive for gun cleaning with non-protected hands
was assumed to be the same as that for the painting
task without gloves that occurred right before the
spray gun was cleaned (Table 1).

A semiquantitative SEI was developed that esti-
mated a body surface area- and PPE use-weighted
sum of positive skin exposure events for paint-related
tasks. After the SEI was calculated for each painting,
mixing, gun cleaning and paint-related and non-paint-
related task, they were added together as the daily
SEI. SEIs from all workdays were then averaged as
the weekly SEI for each worker. For non-paint-related
task, a 0% positive was used based on our findings for

Table 1. Percent of positive samples for unprotected skin
used in the algorithm

Task Number of
samples
(total 5 220)

Number of
positive
samples (%)

Spray painting

Priming/sealing 51 14 (27)

Clear coating 84 38 (45)

Paint mixing 23 10 (43)

Spray gun cleaning 0 (27 or 45)a

Paint-relatedb 52 12 (23)

aPercent positive was not measured for this task. It was
assumed similar to that of the painting task without gloves
done right before the gun cleaning.
bIncluding sanding, buffing, compounding and polishing
tasks.
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these tasks (0 positive per 50 samples, Liu Y, Stowe
MH, Bello D, Sparer J, Gore RJ, Cullen MR, Redlich
CA, Woskie SR, unpublished data).

For spray painting tasks where exposures involve
the whole body, the general model for SEI is defined
as follows:
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where i 5 task type (1, . . ., I); TE 5 total number of
isocyanate task events (each ½ h counted as one event)
per day from the work diary; P 5 task-based average
percent of skin positive samples when no PPE was
used (27% for priming/sealing; 45% for clear coating.
See Table 1 last column); {1�{[(FShand) (G)(GP)] þ
[(FSforearm) (C) (CP)] þ [(FSface + neck) (R) (RP)]}} 5

the decrease in the SEI based on the amount of
skin surface area covered by PPE (FS) and the
PPE protection fraction (GP, CP and RP). When
no PPE is worn G or C or R 5 0 so the applicable
term drops out. When PPE is worn G or C or
R 51; and FS 5 fraction of potentially exposed skin
surface area that could be covered by PPE during
the task event (i.e. total normalized area of hands,
forearms, face and neck equals 1). Specific values
for surface areas of body part are given in Table 3.

FSface þ neck 5 fraction of the surface area of face
and neck covered by a respirator that varies by res-
pirator type.

A half-facepiece respirator covers �22% of the face
surface area only, so FSface þ neck 5 (0.212 �
0.22 þ 0.121 � 0) 5 0.05.

A full-facepiece respirator (cartridge, powered air-
purifying respirator or tight-fitting and loose-

fitting supplied air respirators) covers essentially all
of the face but none of the neck, so FSface þ neck 5

(0.212 � 1 þ 0.121 � 0) 5 0.212. A supplied air
respirator with hood covers both the face and neck,
so FSface þ neck 5 (0.212 � 1þ 0.121�1) 5 0.333.

G, C, R 5 use of PPE 0 5 no 1 5 yes for gloves,
coveralls, respirator; GP 5 glove protection (percent
negative) 5 1 � percent positive under gloves for
spraying with any type of isocyanate paint 5 1 �
0.23 (see Table 2); CP 5 coverall protection (percent
negative) 5 1 � percent positive under coverall
for spraying with any type of isocyanate paint 5 1 –
0.02 (see Table 2); and RP 5 respirator protection
(percent negative) 5 1 � percent positive under respi-
rator for all isocyanate spraying 5 1 � 0 (see Table 2).

For the following diary tasks: mixing of isocya-
nate-containing paint, spray gun cleaning and other
paint-related tasks such as dry and wet sanding, the
exposure was simplified to involve the hands only.
Equation (1) is reduced to equation (2):

SEI5 FShand

X

i5 1

TEðPÞf1 � ½ðGÞðGPÞ�g
I;

ð2Þ

where TE, G and FShand are defined as in equation (1);
P 5 task-based average percent of skin positive sam-
ples from Table 1—mixing isocyanate paints 5 43%,
other isocyanate paint-related tasks (sanding) 5 23%
and gun cleaning had no samples, therefore use the per-
cent positive for the type of paint sprayed in the same ½
h as gun cleaning (if more than one type paint, use high-
est percent positive; if no paint, look at previous ½ h)
and GP 5 glove protection (percent negative) 5 1 �
percent positive under gloves (see Table 2).

When there was a single task during the ½ h, that
task P was used. If there were multiple tasks during
the ½ h, the highest P was used for that ½ h. For each
worker on each day, the SEI was the sum of SEIs

Table 2. Percent of positive samples for protected skin used
in the algorithm

PPE type/task Number of
samples
(total 5 181)

Number of
positive
samples (%)

Under gloves

Spray painting 65 15 (23)

Paint mixing 41 3 (7)

Spray gun cleaning 5 4 (80)

Paint-relateda 0 (7)b

Under respirator

Spray painting 27 0 (0)

Under coverall

Spray painting 43 1 (2)

aIncluding sanding, buffing, compounding and polishing
tasks.
bPercent positive was not measured under gloves for these
tasks, which was assumed similar to that in paint mixing
under gloves.

Table 3. Skin surface area of body parts expressed as
a fraction of total body surface area and total exposed area
(FShand, forearm and face and neck) used in the algorithm

Body part type Body part surface
area as a fraction
of total body areaa

Fraction of potentially
exposed skin area
that could be
covered by PPEb

Hands (both) 0.05 0.303

Forearms (both) 0.06 0.364

Face and neck 0.055 0.333

Face 0.035 0.212

Neck 0.02 0.121

Sum of fractions 0.165 1.000

aBased on Lund–Browder charts in Figure 129-1 of Wolf and
Prnitt (2008).
bFraction of potentially exposed skin area that could be
covered by PPE is the [body part surface area fraction/sum of
total fractions (0.165)]. This is a body part fraction
normalized to the surface area available for exposure since
each body part can be exposed during a task, but can also be
covered by PPE, such as a respirator, gloves or coveralls.
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from all tasks (SEIday); for each worker for each
week, the total SEI was the sum of the SEIday from
4 days (Monday through Thursday).

Daily SEIs were then calculated for all 232
SPRAY workers (49 painters, 118 technicians and
65 office workers) from 33 auto body shops, resulting
in 893 person-days (245 days for office workers, 458
days for body technicians and 190 days for painters)
based on presence during the study week as recorded
in the diary, using this algorithm. The daily SEI
ranged from 0 to 6.1, and the 10th–90th percentile
range was 0–3.5. The median (10th–90th percentile,
maximum) daily SEI was 0 (0–0, 1.0), 0 (0–1.9, 4.8)
and 1.6 (0–3.5, 6.1) for office workers, technicians
and painters, respectively. There was a significant
difference in daily SEI between job titles (Kruskal–
Wallis rank sum chi-square 5 332.6, df 5 2,
P , 0.0001), with painters having the highest daily
SEIs and office workers the lowest SEIs, as shown
in Fig. 1. Box plots of daily SEI by job title showed
a range of SEIs for each job category with consider-
able overlap between technicians and painters
(Fig. 1) and no skin exposure for most office workers,
as expected.

Each worker’s weekly average SEI was also calcu-
lated for Monday to Thursday (Fig. 2), with similar
differences between job categories. The weekly aver-
age SEI ranged from 0 to 4.2 and the 10th–90th per-
centile ranged from 0 to 3.0 with a median value of
0.2 for all workers. Weekly average SEI was 0 (0–
0.0, 0.7), 0.3 (0–1.6, 4.2) and 1.9 (0.4–3.0, 3.6) for
office workers, technicians and painters, respectively.
There was also a significant difference in SEI
between job titles (Kruskal–Wallis rank sum chi
square 5 118.7, df 5 2, P , 0.0001), with painters

having the highest SEIs. Box plots of weekly average
SEI by job title were similar to daily SEI, showing
a range of skin exposures, with considerable overlap
between technicians and painters (Fig. 2).

The skin exposure indices estimated for individual
workers were compared to the respiratory exposures
(lg NCO m�3) estimated for the same workers using
the quantitative task-based exposure algorithm previ-
ously developed (Woskie et al., 2008), in order to
evaluate the relationship between air and skin expo-
sure levels. Daily SEI and the daily time-weighted
average (TWA) air concentration (lg NCO m�3)
were weakly correlated (r 5 0.380; P , 0.0001),
as shown in Fig. 3. As expected, there is a general
positive trend between SEI and the respiratory expo-
sure. However, there are clearly workers with mini-
mal daily isocyanate respiratory exposure and high
daily skin exposure indices and vice versa. The
weekly average SEI and the weekly TWA air concen-
tration (lg NCO m�3) were similarly correlated
(r 5 0.482; P , 0.0001), as shown in Fig. 4.

DISCUSSION

Despite growing concerns about the role of skin
exposure in isocyanate sensitization and asthma,
methods to evaluate isocyanate skin exposures re-
main very limited, and skin exposure assessment
has rarely been incorporated into occupational epide-
miologic studies of isocyanate-exposed workers
(Petsonk et al., 2000; Pronk et al., 2006; Bello
et al., 2007a). This paper is the third in the series de-
scribing isocyanate skin exposures in auto body
shops (Liu et al., 2007; Bello et al., 2008). It de-
scribes the development of a task-based skin expo-
sure algorithm to estimate daily and weekly
isocyanate skin exposures for each auto body shop
worker, based on task-based qualitative isocyanate
skin exposure data and daily work diaries obtained

Fig. 1. Distribution of daily isocyanate SEI by job category
(n 5 893 worker days). The top of box plots represents the
upper quartile (75%tiles), the bottom represents the lower
quartile (25%tile), the middle line represents the median

(50%tile) and ‘þ’ indicates the arithmetic mean. The top bar
(whisker) is the maximum value and lower bar is the minimum
value which are not outliers. The squares outside the top bar

indicate outliers.

Fig. 2. Distribution of weekly isocyanate average SEI by job
category (n 5 232 workers). See Fig. 1 for the interpretation of

box plots.
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as part of the SPRAY study (Redlich et al., 2001;
Sparer et al., 2004; Woskie et al., 2004).

Individual skin exposures were quite variable, with
painters and technicians having the highest exposures
and skin exposure was uncommon among office
workers. An important finding is that individual skin
and respiratory exposure indices, although related,
are not highly correlated (r 5 0.38 for daily expo-
sure). Not unexpectedly, painters have the highest
skin exposure, as tasks such as spray painting can
have relatively high respiratory and skin isocyanate
exposures, which can be modified by factors such
as the use of PPE (Woskie et al., 2004; Liu et al.,
2006, 2007). However, it is notable that worker iso-
cyanate skin exposures cannot be reliably estimated

from respiratory exposure. Isocyanate skin exposures
were variable and also relatively high in some techni-
cians as well as painters, consistent with tasks such as
mixing or sanding that can have relatively high isocy-
anate skin exposure (Table 1) and relatively low respi-
ratory exposure (Woskie et al., 2008). Wet sanding in
particular is a task that seldom has any respiratory ex-
posure (water is used for sanding), but has relatively
high skin exposure (45%). This weak correlation be-
tween individual skin and respiratory exposure indi-
ces should enable evaluation of the contribution of
both respiratory and skin exposure to health-related
end points. Pronk et al. (2006) found that skin and air-
borne exposures were closely correlated. However,
the skin exposure assessment in their study was based
only on hand exposure (estimated from glove extrac-
tion), did not take into account use of PPE or exposure
to other body parts such as arms, face and neck and
only included spray painters and spray tasks.

The skin exposure algorithm reported here has sev-
eral strengths. Importantly, it is task based. Isocya-
nate exposures commonly occur in small end-use
settings such as auto body shops, where workers per-
form a number of different job tasks, frequently with
irregular work patterns, leading to sporadic and vari-
able isocyanate exposures (Sparer et al., 2004). Task-
based exposure assessment can assess exposures in
a range of tasks and, when combined with a work di-
ary, can estimate individual worker exposure (Warren
et al., 2006; Woskie et al., 2008). The task-based iso-
cyanate skin exposure used for this algorithm was
based on a relatively large number of skin exposure
samples (.400), obtained on all major auto body shop
tasks with potential isocyanate skin exposure using
qualitative colorimetric indicators that have previ-
ously been validated (Liu et al., 2007). Detailed daily
work diaries obtained on each worker enabled estima-
tion of a daily and weekly personal SEI for each
worker, incorporating frequency and duration of expo-
sure during a variety of different tasks.

Another strength of this skin exposure algorithm is
that total body skin exposure was estimated and the in-
dividual SEIs were adjusted for the use of PPE (respi-
rator, gloves and protective clothing) and the
protection achieved. This adjustment was possible
since isocyanate skin exposure was evaluated on dif-
ferent body parts (e.g. hands/face) with and without
PPE for most tasks and individual PPE use was re-
corded in the diaries. Thus, the estimated SEI takes in-
to account the use and effectiveness of the PPE worn.
Importantly, the daily and weekly average isocyanate
SEIs were compared with the comparable quantitative
respiratory TWA exposure metrics. The relatively
weak correlation between individual skin and respira-
tory exposures will enable future analyses to deter-
mine whether skin and respiratory exposures
independently contribute to isocyanate asthma or
other end points such as immunologic markers.

Fig. 4. Relationship between weekly average SEI and weekly
average respiratory exposure to isocyanates (lg NCO m�3),

n 5 232 workers.

Fig. 3. Relationship between daily SEI and daily respiratory
exposure to isocyanates (lg NCO m�3), n 5 893 worker days.
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Skin exposure assessment is much less developed
than respiratory exposure assessment (Schneider
et al., 2000; Vermeulen et al., 2002). Several limita-
tions of the skin exposure algorithm should be
noted. For one, the SEI depends on the accuracy
of the qualitative skin wipes. These wipes have been
validated in comparison with quantitative wipes but
also have limitations, as previously noted, including
less sensitivity than quantitative wipes and probable
underestimation of skin exposure (Liu et al., 2007).
The percent of skin exposure for different tasks was
based on the percent positive qualitative wipes for
each task and did not differentiate color intensity
or concentration of exposure, which can vary for
any task (Liu et al., 2007). The SEI is thus based
on exposure fraction and is an index, rather than
a quantitative estimate that can be expressed as lg
NCO per surface area. As noted above, the quantita-
tive wipe results were not used due to the more lim-
ited number of quantitative samples that could be
obtained and analyzed. Pronk et al. (2006) used
a glove extraction method to evaluate dermal hand
exposures during spray painting. Tape stripping
has been used to evaluate skin exposure in a single
spray painter, but has not yet been utilized to esti-
mate exposure in a larger number of workers (Fent
et al., 2006). Petsonk et al. (2000) used question-
naire data to evaluate skin spotting as an indicator
of isocyanate skin exposure, but did not confirm or
quantify isocyanate skin exposure. Other skin expo-
sure approaches such as theoretical modeling, ob-
servational methods or expert judgment have not
to our knowledge been applied to isocyanates
(Schneider et al., 2000; Vermeulen et al., 2002;
van Wendel de Joode et al., 2005). Biomarkers of
isocyanate exposure are not specific for skin expo-
sure and have shown variable associations with ex-
posure (Pronk et al., 2006; Bello et al., 2007a).
Thus, despite limitations, the task-based skin algo-
rithm developed in this article likely provides the
most comprehensive approach to-date to estimate
individual worker isocyanate skin exposure.

Sampling under PPE was determined largely by
what PPE was worn by the workers. Gloves worn were
predominantly latex despite the recommendation of
using nitrile by the paint manufacturers. For respira-
tors, we assessed exposures under half-facepiece res-
pirators with organic vapor cartridges and prefilters
as these were most commonly worn (Sparer et al.,
2004; Liu et al., 2006). We did not take wipe samples
under dust masks, powered air-purifying respirators
and full-facepiece supplied air respirators, which were
infrequently used. Using the percent positive under
half-facepiece cartridge respirators to calculate the
SEI for other respirator types might have introduced
bias. For underneath protective clothing, the algorithm
neither evaluates the type of protective clothing worn
by workers (nylon suits versus Tyvek etc.) nor does it

account for short-sleeved versus long-sleeved work
shirts among those not wearing PPE clothing.

Other limitations relate to the accuracy of the work
diary, and how representative the survey week was of
more long-term exposure. Efforts were made with the
shop management to select a survey week that repre-
sented a typical work week, but work could be vari-
able from week to week.

Despite these limitations, this skin exposure algo-
rithm is the first attempt we are aware of that pro-
vides the most comprehensive approach to estimate
individual worker isocyanate skin exposure based
on field isocyanate skin exposure data.

In summary, the skin exposure algorithm devel-
oped in this study provides task-based daily and
weekly average worker SEIs that are adjusted for in-
dividual use of PPE. Comparison of individual
worker SEIs with TWA respiratory exposures (lg
NCO m�3) estimated for the same workers using
a task-based algorithm showed a relatively weak pos-
itive correlation. The application of the isocyanate
skin exposure metric developed here to the SPRAY
epidemiologic study is essential, but is beyond the
scope of this article. Extensive analysis of the relative
contribution of isocyanate skin and respiratory expo-
sures and other risk factors in the SPRAY study will
be presented separately.
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