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Objectives: Although respiratory exposures have been the primary concern with isocyanates,
skin exposure also can occur and may contribute to sensitization and asthma. Methodologies
to assess isocyanate skin exposure in the workplace are limited and skin exposure data scarce.
The goals of this study were (i) to evaluate and validate the isocyanate colorimetric indicators
against a quantitative assay, (ii) to evaluate the extent of isocyanate surface contamination and
skin exposure among auto body shop workers and (iii) to evaluate isocyanate skin exposure
determinants.
Methods: The colorimetric indicators were compared with a high-performance liquid chro-

matography (HPLC) quantitative assay based on the National Institute for Occupational Safety
and Health Method 5525 using paired laboratory sampling. The colorimetric indicators were
then used to assess surface contamination and skin exposure to aliphatic isocyanates in 35 auto
body shops and 124 workers as part of an epidemiologic study. The positive sample rate was
calculated for various surfaces, body parts and tasks. The color intensity of the colorimetric
indicators was rated on a scale 0 (yellow color) to 5 (deep red). Side-by-side comparisons of
the qualitative method with the quantitative HPLC assay were also performed in the field using
paired samples.
Results: Laboratory and field evaluation validated use of the colorimetric indicators. The

rate of positive surface samples for isocyanates was 46% (n 5 145/313). Thirty-four percent
(73/216) of samples were positive for unprotected skin and 20% (n 5 22/111) for skin under
latex gloves. The highest positive rate observed on skin samples was obtained after paint mixing
and spraying tasks. The colorimetric indicators were highly specific for isocyanates, but false
negatives occurred when compared with the more sensitive HPLC quantitative assay. The pres-
ence of surface contamination and the performance of paint-related tasks were the major
determinants of isocyanate skin exposure.
Conclusions: This study documents extensive surface contamination and skin exposure, in-

cluding under gloves, to aliphatic polyisocyanates during painting and paint mixing tasks in
auto body shop workers. Contaminated surfaces and aerosol deposition during spray painting
may both contribute to skin exposure. The colorimetric indicator is a quick, practical and low-
cost, but not highly sensitive, industrial hygiene tool to detect isocyanate surface contamination
and skin exposures following the use of isocyanate-containing products.
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INTRODUCTION

Auto body shop painters and repair technicians use
polyurethane paints for spray refinishing work. The
hardener component of such paints consists largely
of low volatility oligomeric species of hexamethy-
lene diisocyanate (HDI) and isophorone diisocyanate
(IPDI), which contribute .99% of the total isocya-
nate functional groups (NCO). The remainder 1%
comes from HDI and/or IPDI monomer (Bello
et al., 2004; Sparer et al., 2004; Pronk et al.,
2006a). The term ‘polymeric’ will be used to denote
all higher oligomers and partially polymerized spe-
cies (resulting from the reaction of an isocyanate
with the polyol), containing free isocyanate groups.
Monomeric and polymeric isocyanates can cause
sensitization and occupational asthma in exposed
workers (Vandenplas et al., 1993; Redlich et al.,
2006). Spray painters in the auto body industry are
at greater risk of developing isocyanate asthma than
other occupations (Di Stefano et al., 2004). The auto
body industry in the US employs .205 000 workers
in �35 500 auto body shops (US Bureau of Census,
2002).

Traditionally, isocyanate exposure assessment and
preventive strategies have focused on inhalation ex-
posures, likely related to isocyanate asthma being
the primary health outcome of concern, as well as
the historic tendency to overlook skin exposure.
However, animal and human studies suggest a role
for isocyanate skin exposure in developing sensitiza-
tion, with subsequent inhalation exposures leading to
asthma (Bello et al., 2007a). Additionally, isocya-
nates can be skin irritants and contact allergens
(Goossens et al., 2002; Redlich et al., 2006).

Methods to measure isocyanate skin exposure are
limited and little has been done to evaluate skin expo-
sures to isocyanates in occupational settings. As part
of a cross-sectional epidemiologic study, the Survey
of Painters and Repairers of Autobodies by Yale
(SPRAY), airborne exposures to aliphatic polyiso-
cyanates were quantified for different tasks and expo-
sure determinants identified (Sparer et al., 2004;
Woskie et al., 2004; Liu et al., 2006). A pilot study
demonstrated the feasibility of assessing surface con-
tamination and skin exposure to isocyanates using
the SWYPE� colorimetric indicators (CLI, Des
Plains, IL) (Liu et al., 2000). This technique is inex-
pensive, gives immediate results and is easy to use,
making it feasible to detect isocyanate contamination
on work surfaces and assess potential skin exposure
in the workplace. Some laboratory validation has
been done to investigate interferences and sensitivity
of the surface SWYPE� in contact with aromatic
isocyanates (OSHA, 1997), but peer-reviewed labo-
ratory and field data of these colorimetric indicators
with aliphatic isocyanates are lacking. Evaluation of
colorimetric indicators is especially needed to assess

their performance and utility under realistic work
conditions.

This study was undertaken to (i) evaluate and val-
idate the isocyanate colorimetric indicators in the
laboratory and in the field against a quantitative as-
say, (ii) evaluate the extent of isocyanate surface con-
tamination in the auto body shops and skin exposure
among auto body shop workers and (iii) evaluate iso-
cyanate skin exposure determinants. This article
reports results of our exposure assessment obtained
with the qualitative colorimetric indicator. Quantita-
tive assessment of skin exposures was also conducted
and will be presented in a companion publication.
These findings will further the development of
task-based models to estimate isocyanate skin expo-
sures among auto body shop workers.

MATERIALS AND METHODS

Work process and potential for skin exposure

Auto body shop work involves a number of differ-
ent painting and non-painting tasks (Sparer et al.,
2004; Liu et al., 2006). Painting tasks involve paint
mixing, spray painting and cleaning equipment.
Spray painting includes priming and/or sealer coat-
ing, base coating and finally clear coating. Skin expo-
sure during mixing, spray painting and gun cleaning
tasks may result from direct contact with the isocya-
nate bulk product, from contact with contaminated
surfaces or from deposition of isocyanate vapor and
aerosol on unprotected skin. Non-painting tasks such
as dent repair have less potential for skin exposure.
After priming, parts may be either dry or wet sanded.
After the final clear coat, masking material is re-
moved and the car may be compounded or buffed.
These tasks may also provide opportunities for skin
exposure to isocyanates, especially if the paints are
not fully cured (Bello et al., 2007b).

Study design and population

This surface and isocyanate skin exposure assess-
ment was an integral part of the SPRAY study
(Redlich et al., 2001; Sparer et al., 2004; Woskie
et al., 2004). The qualitative evaluation was con-
ducted in 35 shops, and a quantitative assessment tar-
geted 22 of these shops due to financial and time
constraints. Surface contamination and skin exposure,
including exposure under gloves, coveralls and half-
facepiece cartridge respirators, were evaluated based
on guidelines from the US OSHA (1997) with mod-
ifications. The study protocol was approved by the
Human Investigation Committee at Yale University.
Informed written consent was obtained from each
participant. Data on potential exposure determinants
were collected from the shop owner/manager and
workers, as previously described (Sparer et al.,
2004; Woskie et al., 2004), including shop size,
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paint types, shop ventilation and personal protective
equipment.

Laboratory evaluation of SWYPE� colorimetric
indicators

Prior to the field study, the qualitative SWYPE�
technique was compared with a high-performance
liquid chromatography (HPLC) quantitative assay
based on the National Institute for Occupational Safety
and Health (NIOSH) Method 5525 for total aliphatic
isocyanates in air (NIOSH 2003) with modifications
(Bello et al., 2002) to assess reproducibility of color
intensity readings, determine detection limits and
calibrate the SWYPE� color rating with the amount
of isocyanates recovered by the quantitative assay.
Surface SWYPE� pads, 2.5 � 2.5 cm in size from
CLI (Fig. 1), were spiked by pipette with a known
amount of an isocyanate blend (polymeric HDI and
IPDI blend) in triplicates, at eight surface loadings
covering the full range of SWYPE� color intensity
(,1–17 lg NCO per SWYPE�). The same volume
of isocyanates was spiked in duplicates in a derivatiz-
ing solution of 1-(9-anthracenylmethyl)piperazine
(MAP) in acetonitrile and analyzed by HPLC (Bello
et al., 2002). The SWYPE� indicators were read by
the same investigator who later read them in the field.
The investigators involved with quantification and
reading the SWYPE� indicators were blinded of
the amount of isocyanate spiked. The consistency
of the SWYPE ratings by the investigator was
assessed using replicate samples.

Field assessment of surface contamination

Surfaces likely to be in frequent contact with
workers were evaluated including (i) those with pos-
sible high contamination by isocyanate-containing
products and paints, such as hardener container, mix-
ing tools and painting equipment, (ii) surfaces with
possible contamination, such as body technicians’
workbenches and tools (iii) surfaces with anticipated
low or no contamination, such as office surfaces.
Surface contamination assessment. Same surface

SWYPE� indicators (Fig. 1.) as evaluated in the lab-
oratory calibration testing, were used according to
CLI’s specifications and as previously described
(Liu et al., 2000). The investigator wore a pair of
N-Dex powder-free nitrile gloves (Catalog #
9905PFL, Best Manufacturing Company, Menlo,
GA) during sampling. A clean pair of gloves was
used after each positive sample to avoid cross con-
tamination. Selected surfaces were wiped with the
SWYPE� pad three times using the thumb, index
and middle fingers holding the pad and pressed down
firmly starting from outside moving toward inside
concentrically. Areas wiped were standardized as
5 � 5 cm where possible, such as for the benchtop.
Mixing rulers were wiped over an area of 2.5 �

7.6 cm on each side. For smaller and irregular surfa-
ces, such as hardener container cap, the whole area
was wiped and measured. Pads were then inspected
for any color change. An orange to red color indicated
the presence of aliphatic isocyanates (Fig. 1). Color
intensity was semiquantitatively rated on a 0–5 scale
(recorded as ‘�’ to ‘þþþþþ’ in the field) with ‘0’
(�) as no color change (pale yellow, the patch’s orig-
inal color), ‘1’ (þ) as light orange, ‘2’ (þþ) as
orange, ‘3’ (þþþ) as deep orange, ‘4’ (þþþþ) as
red orange and ‘5’ (þþþþþ) as the highest color in-
tensity (deep red). All color ratings were performed
by the same investigator. Twenty qualitative surface
samples were targeted in each shop.

Field assessment of skin exposure

Subject and task selection. All shop-designated
painters or body technicians who painted or primed
with an isocyanate-containing paint during the sur-
vey week and one to two body technicians and office
workers/managers who did not paint or prime were
selected from each shop. Skin wipe sampling for
exposure assessment was task based, similar to the
air sampling strategy (Woskie et al., 2004). Painting
tasks included paint mixing, spray painting, spray
gun cleaning and miscellaneous related tasks (untap-
ing masking materials, dry or wet sanding of freshly
painted parts and compounding). Non-painting tasks
included masking the car, mechanical work, grinding
and welding, dent repair, in-shop supervising and
office work.
Exposure of unprotected skin. The skin SWYPE�

indicator was used as previously described (Liu
et al., 2000) and according to CLI’s directions. The
skin SWYPE� is comprised of two portions: a
2.5- � 5.0-cm cloth sampling pad attached to a pro-
prietary reagent-coated strip (Fig. 2). After the
worker completed a task, exposed skin areas were

Fig. 1. Surface SWYPE� indicators. The left column shows
high isocyanate contamination (scores 3–4). The right

column shows no/low contamination (scores 0–1).
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wiped twice with the cloth portion of the skin
SWYPE� pad. Both sides of a hand or the whole un-
protected forearm were wiped. For the forehead, the
exposed areas outside head covering were wiped; for
face or neck outside the half-facepiece cartridge res-
pirator, a 5.0- � 5.0-cm area was wiped. After sam-
pling, the skin SWYPE� pad was placed in a plastic
cup, pad side down, and a developing solution of
mineral oil was poured into the cup, reaching �0.6
cm high. The solution migrated upward toward the
reagent-impregnated strip, bringing with it isocya-
nates collected on the pad. Reaction of isocyanates
with the reagent would result in an orange/red color,
typically after �5 min. The color intensity was sim-
ilarly rated as in surface sampling by the same inves-
tigator. Twenty qualitative skin wipe samples were
targeted for each shop.
Skin exposure under personal protective equip-

ment. The presence of isocyanates under gloves and
protective clothing was evaluated during mixing
and painting tasks using the Permea-Tec� indicators
from CLI, as previously described (Liu et al., 2000)
and as per CLI instructions. Face areas covered by
the half cartridge respirator facepiece were also
wiped using the skin SWYPE� sampling pad and
measured. Permea-Tec� indicators (2.2 � 2.2 cm)
look similar to a band-aid adhesive strip and contain a
proprietary reagent-coated yellowish pad that changes
to orange or red color when in contact with aliphatic
isocyanates (Fig. 3). Before each task was performed,
the sampling pads (pad side out) were attached to the
palm side of the thumb, index and middle fingers and
the palm center of the dominant hand, or the pant leg
under the coverall. The worker then donned the
gloves and coverall. After finishing the task, the
worker took off the gloves and coverall, and the pads
were inspected for color changes. The color intensity
was rated on the same scale as above. About 20 qual-
itative samples under personal protective equipment
(PPE) were targeted for various tasks in each shop.

Sample information

For each surface, skin or PPE sample taken, infor-
mation was collected about the individual shop and
subject, surface type and location, surface and skin
areas wiped, type of PPE, painting information (task
location and duration, quantity of paint, number of
coats, hardener brand and painted surface areas)
and ventilation (booth type and local exhaust). These
variables were used in regression analysis to evaluate
major skin exposure determinants.

Quantitative assessment of surface and skin
contamination

Cloth wipe patches (5 � 5 cm) impregnated lightly
with polypropylene glycol (PPG) were supplied by
CLI. PPG-impregnated wipes provide good recovery
of unbound isocyanates from the surface (Bello et al.,
2005). The investigator wore a clean pair of N-Dex
nitrile gloves during sampling. After a surface or skin
area was wiped, the sampling pad was placed into
a jar containing a solution of MAP in methylene
chloride for immediate extraction and derivatization.
Samples were stored cold in the field and shipped in
cooled containers to the laboratory for quantitative
analysis as described above.

Field evaluation of SWYPE� colorimetric indicators

A total of 151 paired qualitative surface SWYPE�
and quantitative samples and 98 paired skin
SWYPE� and quantitative samples were taken side
by side to evaluate the relationship between the two
methods on the limit of detection (LOD), sensitivity
(ability to detect contamination when it is present)
and specificity (ability to detect no contamination
when it is not present), false positives or negatives
(non-detectable values) of SWYPE� indicators, and
to assign an approximate isocyanate concentration

Fig. 2. Skin SWYPE� indicators. The left cup (top piece)
shows high isocyanate contamination (score 3). The right

cup shows no contamination (score 0).

Fig. 3. Permea-Tec� indicators. It shows contamination on
glove finger patches. In this case, another layer of glove

to be evaluated was worn over the patches.
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value to each color intensity score. Matched samples
were collected on equal, side-by-side bench surfaces
where isocyanate bulk product appeared more evenly
spread, and on forearm and face skin areas where
contamination from overspray aerosol deposition
was considered more uniform. Half of the surface
or skin area (half hand or forearm) was wiped for
qualitative assessment and the other half for quantita-
tive measurement.

Data analysis

Laboratory evaluation of SWYPE� indicators.
Color intensity readings for each isocyanate spike
on the SWYPE� indicator were plotted against
the quantified amount of isocyanates to compare
the two methods. Reproducibility in SWYPE� color
intensity rating was evaluated qualitatively by look-
ing at the variation of scores within replicates and
the average score between sets of replicates at similar
loads. The LOD was determined as the lowest con-
centration where no color intensity was scored.
Field SWYPE� validation and sampling. Field

data were entered into a Microsoft Access dataset
and analyzed using SAS� (Statistical Analysis Soft-
ware, version 8.12, SAS Institute, Cary, NC).

The rate of positive samples was calculated as the
ratio of positive samples (scores 1–5) to total samples
for each surface type, task, color intensity category,
skin area (hands, forearms, neck and face) and PPE
type (under glove, respirator or coverall). Color in-
tensity scores were grouped as low (scores 1–2, mar-
ginal but definitive color change) and high (scores
3–5, intense color change) based on significant color
intensity difference between the negative category
and these two categories.

Results from the quantitative analysis were calcu-
lated as nanograms of total isocyanate groups (NCO)
per square centimeter (ng NCO cm�2) of surface or
skin area wiped. Data were log transformed and geo-
metric mean (GM) and geometric standard deviation
(GSD) were calculated for comparison with results
from qualitative assessment.

Results on paired surface and skin wipe samples
were cross tabulated for the low- and high-intensity
score groups. The GM, GSD and percentage of sam-
ples above LOD were calculated for each group and
the relationship between the two methods was com-
pared and the sensitivity, specificity and false posi-
tive and negative rates were assessed. The GM
levels of isocyanates among the three score catego-
ries were compared with each other using analysis
of variance (ANOVA) and a significance level of
P , 0.05 was selected.

The positive rate for skin exposure was calculated
using samples collected from tasks that involved the
use of or direct contact with isocyanate paints only.
Samples from non-paint tasks such as detailing, me-
chanical and body repair work, shop supervising and

office work were not included. The positive rate was
zero for these tasks and not listed in the skin exposure
table.
Evaluation of skin exposure determinants. Log-

binomial single-predictor regression modeling with
a log link was performed on positive surface and skin
sampling results to evaluate significant exposure de-
terminants from task variables recorded in the sam-
pling form, such as for a spray painting task, type
of paints and quantities used and the painted area,
ventilation conditions (booth type and shop general
ventilation), climate parameters (temperature and
relative humidity) and from shop variables, such as
shop size and annual income. This analysis produces
prevalence ratio (PR) estimates, the appropriate mea-
sure for non-rare events (Thompson et al., 1998).
When the PR is larger than one, the factor is identi-
fied as a risk factor for the PR.

RESULTS

Laboratory evaluation of SWYPE� indicators

The laboratory calibration of the SWYPE� indi-
cator against the quantitative HPLC assay shows
a good quantitative relationship between the two
methods (Fig. 4). Over a wide range of NCO loads
spiked on the SWYPE� pads, the higher the load
the greater the SWYPE� color intensity score. The
relationship is reasonably linear at small NCO loads
(,5 lg NCO per SWYPE�), but flattens out at
higher loads (.13 lg NCO per SWYPE�). The
SWYPE� color intensity rating was highly repro-
ducible under laboratory conditions with scores for
replicates varying by not more than 0.5 across the
whole range of isocyanate loads (overlapping repli-
cates in Fig. 4). The variability at loads 0–5 lg was
negligible at comparable NCO loads; each data point
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Fig. 4. Calibration of SWYPE� color intensity score against
the quantitative HPLC assay in a laboratory investigation.

The apparent single data points in the 0–5 lg NCO per
SWYPE� range are in fact overlapping triplicates.
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is a replicate. At the upper loads, slight variability is
noticed by the overlapping data points (Fig. 4).

An estimate of the LOD for SWYPE� indicators
based on the regression line of the data points was
�0.7 lg NCO per SWYPE� (17 nmol NCO). This
is �3.2 lg HDI polyisocyanates per SWYPE�,
since polymeric HDI contains �22% free NCO
(lg NCO/0.22 5 3.2 lg HDI polyisocyanates). Ex-
pressed as square centimeter (based on SWYPE�
surface size of 2.5 � 2.5 cm) the estimated LOD
was 0.1 lg NCO cm�2 or 0.5 lg HDI polyisocya-
nates cm�2. The quantitative HPLC assay had an
LOD (based on the main HDI polyisocyanate peak)
of �5 ng NCO per sample (119 pmol per sample)
with 3.6 pmol NCO injected.

Surface contamination

Table 1 shows the results on surface contamina-
tion. A total of 313 surface samples were collected
in 35 shops, of which 46% (n 5 145) were positive
with some color intensity. The average positive rate
of total samples was 22% (n 5 68) for the ‘low’
(scores 1–2) and 25% (n 5 77) for the ‘high’ (scores
3–5) intensity levels. The overall positive sample
rates and rates under intensity categories (low versus
high) for different surface types were variable (Table 1).
The hardener mixing cup, hardener container cap

and painted car surfaces were at high positive rates
and moderate intensity levels (73–80%; 1.5–2.5).
Most painting and mixing surfaces had medium pos-
itive rates and intensity levels (41–67%; 0.5–2.0) in-
cluding hardener mixing tools and bench and gun cup
and handle after hardener coating and solvent wash-
ing. Several other surfaces (e.g. booth door handle)
had low positive rates and low intensity levels
(12–30%; �0.5). Non-painting surfaces such as body
repair workbench and surfaces in the office had close
to zero positive rates and intensities.

Exposure of unprotected skin

The results of skin exposure to isocyanates during
various painting and paint-related tasks are shown in
Table 2. A total of 216 samples were collected from
124 workers, of which 34% were positive (n 5 73).
Most positive samples, 26% (n 5 55), were at low
intensity levels with only 8% (n 5 18) at high inten-
sity levels. The highest rate and intensity of skin con-
tamination were found for paint mixing and spray
painting of primers and clear coats. For example,
the rate of positive skin SWYPE� samples during
mixing of primer and clear coats was 75% (3/4)
and 64% (7/11), respectively, and the positive rate
for clear coating was 45% (38/84), of which 11%
(9/84) were of high color intensity. Skin exposure

Table 1. Surface contamination by aliphatic isocyanates in SPRAY auto body shops by surface type (n 5 313) based on surface
SWYPE� colorimetric indicators

Surface nb n (%)a

Positive
samples

Low color intensityc,
scores 1–2

High color intensityc,
scores 3–5

Mixing surfaces

Cup for hardener mixing 25 20 (80) 13 (52) 7 (28)

Hardener container cap 30 22 (73) 5 (17) 17 (57)

Hardener mixing bench 33 20 (61) 4 (12) 16 (48)

Ruler for hardener mixing 18 9 (50) 3 (17) 6 (33)

Thinner container handle 17 7 (41) 5 (29) 2 (12)

Paint mixing scale 24 3 (12) 1 (4) 2 (8)

Painting surfaces

Painted car surface 13 10 (77) 6 (46) 4 (31)

Masking tape and paper 18 12 (67) 5 (28) 7 (39)

Gun cup after coating 30 18 (60) 11 (37) 7 (23)

Gun cup after washing 10 6 (60) 3 (30) 3 (30)

Gun handle after coating 14 8 (57) 4 (28) 4 (28)

Booth door handle 20 6 (30) 5 (25) 1 (5)

Gun washer handle 14 3 (21) 2 (14) 1 (7)

Non-painting surfaces

Body repair bench 20 0 (0) 0 0

Office desk and telephone 27 1 (4) 1 (4) 0

Total 313 145 (46) 68 (22) 77 (25)

aNumber and rate of positive samples.
bNumber of total samples.
cSWYPE� color intensity score ranked from 0 to 5: 0, No color change; 1–2, Low, definitive color change, but of weak color
intensity (light orange); 3–5, High, intense color change (deep orange to deep red). See text for more details.
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to isocyanates was found for both wet sanding (42%,
8/19) and dry sanding (23%, 3/13) of paints. In gen-
eral, no or very little contamination was found for
tasks that did not involve the direct use of isocyanate
bulks or close contact with painted surfaces.

Skin exposure to isocyanates on different body
parts after painting tasks only are shown in Table 3.
Equal sampling of different body parts was attempted
with painting tasks, but some skin areas were not
available for sampling (covered by sleeve or glove).
Exposure of face and neck to isocyanates after paint-
ing was found in 39% (21/54) of samples, and was of
comparable frequency to that of either hand (42%,
25/60) or forearm (27%, 6/22). For non-painting
tasks, skin sampling was performed primarily on
hands, based on observed work practices and pilot
data indicating little exposure to other skin sites dur-
ing these tasks. For mixing, 44% (10/23) of hand
samples were positive for skin exposure (Table 2).

Skin exposure under PPE

To assess skin exposure under PPE (Table 4), a to-
tal of 194 samples from 23 shops were collected un-
derneath gloves, coveralls and respirators. Twelve
percent (23/194) of samples were positive with 9%
(17/194) at low intensity and 3% (6/194) at high in-
tensity. Skin exposure under gloves during various
tasks was variable. The vast majority of shops
(87%, 20/23) used latex gloves. The overall rate of
positive Permea-Tec� indicators underneath latex
gloves was 20% (22/111) for all paint-related tasks
(mixing, spraying and gun cleaning), of which 14%
(16/111) and 5% (6/111) of samples were of low
and high color intensity, respectively. The highest
frequency of glove breakthrough (80%, 4/5) was
found for spray gun cleaning, followed by clear coat-
ing (26%, 11/43), sealer coating (19%, 3/16) and
priming (17%, 1/6). The sources of glove break-
through were discussed later in this article. Samples
taken from skin areas that were covered by half-
facepiece cartridge respirators or coverall showed
no or minimal skin contamination.

Determinants of skin exposure

Shop, sample and task determinants of a positive
skin SWYPE� were identified using single-predictor
regression modeling analysis (summarized in Table 5).
Among the shop variables, the likelihood of one or

Table 2. Skin exposure to aliphatic isocyanates in SPRAY
auto body shops for tasks of direct contact with isocyanates
(n 5 216) based on skin SWYPE� colorimetric indicators

Task nb n (%)a

Positive
samples

Low color
intensityc,
scores 1–2

High color
intensityc,
scores 3–5

Spray painting

Priming 29 7 (24) 4 (14) 3 (10)

Sealing 22 7 (32) 7 (32) 0 (0)

Base coating 1 0 (0) 0 (0) 0 (0)

Clear coating 84 38 (45) 29 (34) 9 (11)

Paint mixing

Priming 4 3 (75) 2 (50) 1 (25)

Sealing 8 0 (0) 0 (0) 0 (0)

Base coating 0 0 (0) 0 (0) 0 (0)

Clear coating 11 7 (64) 5 (46) 2 (18)

Paint related

Compounding 7 0 (0) 0 (0) 0 (0)

Untaping 18 0 (0) 0 (0) 0 (0)

Dry sanding 13 3 (23) 1 (8) 2 (15)

Wet sanding 19 8 (42) 7 (37) 1 (5)

Total 216 73 (34) 55 (26) 18 (8)

aNumber and rate of positive samples.
bNumber of total samples.
cThe color intensity ranking and grouping is the same as in
Table 1.

Table 3. Task-based isocyanate skin exposure in different
locations of the body for isocyanate painting tasks

Task Number of positive SWYPE/total number
of SWYPE (%)

Face and
neck

Either
hand

Either
forearm

Total

Spray
painting

21/54 (39) 25/60 (42) 6/22 (27) 52/136 (38)

Table 4. Rate of positive Permea-Tec� indicators for
aliphatic isocyanates underneath gloves, half-facepiece
respirators and coveralls in SPRAY auto body shops by
isocyanate task

PPE type/task nb n (%)a

Positive
samples

Low color
intensityc,
scores 1–2

High color
intensityc,
scores 3–5

Under glove

All tasks 111 22 (20) 16 (14) 6 (5)

All spraying 65 15 (23) 10 (15) 5 (8)

Priming 6 1 (17) 1 (17) 0 (0)

Sealing 16 3 (19) 0 (0) 3 (19)

Clear coating 43 11 (26) 9 (21) 2 (5)

Mixing 41 3 (7) 3 (7) 0 (0)

Gun cleaning 5 4 (80) 3 (60) 1 (20)

Under respirator

All spraying 27 0 (0) 0 (0) 0 (0)

Under coverall

All tasks 56 1 (2) 1 (2) 0 (0)

All spraying 43 1 (2) 1 (2) 0 (0)

Mixing/gun
cleaning

13 0 (0) 0 (0) 0 (0)

Total 194 23 (12) 17 (9) 6 (3)

aNumber and rate of positive samples.
bNumber of total samples.
cThe color intensity ranking and grouping is the same as in
Table 1.
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more positive surface SWYPE� samples identified
in the shop was the most important determinant of
a positive skin SWYPE� [PR 5 4.88, P 5 0.01,
95% confidence interval (CI) 5 1.5–16.1]. Several
paint-related variables were also significant determi-
nants of the positive skin SWYPE� samples, such as
coating type and location of painting tasks (Table 5).
The use of an isocyanate hardener (PR 5 5.9,
P 5 0.002, 95% CI 5 1.9–17.8) and clear coat

painting (PR 5 2.5, P 5 0.0001, 95% CI 5 1.6–
3.8) were the most significant predictors.

Field evaluation of SWYPE� indicators

The results from qualitative (SWYPE�) indica-
tors and quantitative (HPLC) assay for both surface
(n 5 151) and skin (n 5 98) sample pairs are pre-
sented in Table 6. The color intensity score, catego-
rized into non-detectable, low (scores 1–2) and
high (scores 3–5), were validated against the corre-
sponding GM (ng NCO cm�2) isocyanate load. The
field LOD for the SWYPE� method was variable,
characterized by a GM (GSD) of 2.2 (9.8) and 0.4
(8.0) ng NCO cm�2 (area wiped) for paired ‘nega-
tive’ surface and skin SWYPE� samples, respectively.
The total NCO load for these HPLC quantitative
skin wipes varied up to �2 lg NCO per SWYPE�
(equivalent of 9 lg polyisocyanate per SWYPE�
or 1.4 lg polyisocyanate cm�2 pad size), greater than
the LOD of SWYPE� estimated from the laboratory
investigation.

The GM (GSD) low color intensity (scores 1–2)
was estimated at 13.2 (6.4) and 3.5 (7.6) ng
NCO cm�2 for surface and skin samples, respec-
tively, whereas for high color intensity (scores 3–5)
the GM (GSD) was estimated as 41.9 (8.7) ng
NCO cm�2 for surface samples and 17.5 (2.6) ng
NCO cm�2 for skin samples. The levels of skin
exposure were much lower than levels of surface
contamination.

Results from ANOVA indicated that there is a sig-
nificant difference (P , 0.0001) in GM levels of
isocyanates comparing the three score categories in
both surface and skin samples: for surface samples,
the negative category is significantly different from
each of the two positive categories, but the low score
category is not significantly different (P . 0.05)
from the high category; for skin samples, the nega-
tive category is significantly different (P , 0.05)

Table 6. Relationship between the qualitative (SWYPE� indicators) and quantitative (HPLC assay) assessments of
contamination by aliphatic polyisocyanates in the SPRAY auto body shops for surface and skin

Qualitative scorea Quantitative resultsb

n (%) n . LOD (%) GMc (ng NCO cm�2) GSD (ng NCO cm�2)

Surface, n 5 151 pairs

0 (negative) 79 (52) 54 (68) 2.20 9.78

1–2 (low) 26 (17) 25 (96) 13.17d 6.43

3–5 (high) 46 (30) 42 (91) 41.89d 8.69

Skin, n 5 98 pairs

0 (negative) 81 (83) 58 (72) 0.42 7.97

1–2 (low) 9 (9) 9 (100) 3.53 7.55

3–5 (high) 8 (8) 8 (100) 17.50d 2.55

aSame as described in Table 1.
bQuantitative isocyanate surface concentration (ng NCO cm�2) was calculated as ng NCO on the wipe/sampled surface or skin
area.
cANOVA: P , 0.0001 for overall comparison among the three score categories.
dANOVA: P , 0.05 comparing low and/or high score categories with the negative score category.

Table 5. Determinants of a positive skin SWYPE� using
single-predictor regression modeling

Determinant (variable name) PR (P value) 95% CI

Shop characteristicsa

Surface positive test
(1 or more positive surface
SWYPE� samples in shop)

4.88 (0.01) 1.48–16.09

Hustle (cars/month/full-time
equivalent worker)

0.92 (0.03) 0.85–0.99

Sample characteristics

Milliliters of NCO applied 1.00 (0.75) 1.00–1.00

Task performed in booth
or mixing room versus
elsewhere

2.29 (0.03) 1.07–4.91

Clear coating versus other
types

2.46 (0.0001) 1.57–3.85

Area painted (ft2) 1.00 (0.06) 1.00–1.01

Painting time (min)b 0.99 (0.98) 0.97–1.03

Any use of hardener
versus none

5.89 (0.002) 1.94–17.82

Windows in shop (closed
versus open)

1.34 (0.32) 0.81–1.89

Body part sampled (face
versus other)c

1.05 (0.85) 0.66–1.65

aOnly two significant predictors out of 18 are presented.
A full description of shop predictors for inhalation exposure
can be found in Woskie et al. (2004).
bOne outlier value removed.
cPainting only—mixing was almost entirely assessed for
hand exposure.
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from the high, but no other significant difference was
observed.

SWYPE� indicators were highly specific, but
considerably less sensitive for isocyanates, compared
to the quantitative HPLC assay. The specificity of the
SWYPE� indicators was 100% (23/23) (0 false pos-
itives) for skin samples and 83% (25/30) for sur-
face samples (7% false positives). The sensitivity of
SWYPE� indicators was 55% (67/121) for surface
samples, and only 23% (17/75) for skin samples,
compared to the quantitative HPLC assay. Thus,
the fraction of ‘false negatives’ (or non-detectable
values) for SWYPE� were high: 68% (54/79) for
surface samples and 72% (58/81) for skin samples
compared to quantitative HPLC assay (Table 6).

DISCUSSION

This investigation of skin exposure to aliphatic
polyisocyanates in the auto body industry documents
two key findings. First, it validates the colorimetric
SWYPE� indicator as a highly specific but not very
sensitive qualitative method to detect isocyanate sur-
face contamination and skin exposure, compared to
the quantitative HPLC assay. Second, using this qual-
itative method we demonstrate that isocyanate sur-
face contamination and skin exposures are common
in this industry, and identify determinants of skin
exposure to isocyanates. These findings should
facilitate the development of personal skin expo-
sure indices as well as focus future preventive
interventions.

Although SWYPE� indicators have been avail-
able commercially for .10 years, this is the first pub-
lished study we are aware of that evaluates the utility
of SWYPE� indicators to detect surface contamina-
tion and skin exposure to aliphatic isocyanates, by
comparing them with the paired quantitative sam-
pling assay in both laboratory and workplace
settings. The SWYPE� indicators were first cali-
brated and validated by comparison with the quanti-
tative HPLC assay in the laboratory investigation,
and then further evaluated under work conditions.
The findings enabled assignment of crude quantita-
tive levels to qualitative SWYPE� color intensity
scores, and the determination of their LOD. The as-
signed LOD of �3.2 lg HDI polyisocyanates per
SWYPE� (0.5 lg cm�2) based on our laboratory
study is consistent with available LOD estimates
(3–5 lg per SWYPE� for aromatic isocyanates) re-
ported by CLI and OSHA (1997). The higher LOD
for SWYPE� in the field (up to 9 lg per SWYPE�
or 1.44 lg cm�2 HDI polyisocyanate) likely was due
to reduced recovery of isocyanates from skin and
surfaces compared to that in laboratory testing.

A positive SWYPE� sample in this work setting
was a highly specific indicator of isocyanate on skin

or work surfaces as documented by no (for skin) or
very few (surface) false positive SWYPE� samples.
Thus, colorimetric indicators provide a useful, quick
and relatively inexpensive workplace tool to assess
isocyanate skin or surface contamination shortly
after use of isocyanate-containing products. This
method can increase awareness and facilitate preven-
tive measures such as change in work practices or use
of appropriate PPE. Since isocyanate skin exposure
data are so limited, and dose–response relationships
are not defined, caution is warranted in labeling skin
exposures as high, low or relevant.

However, our findings also highlight several limi-
tations of SWYPE� indicators as well as our study
design. Most important was the low sensitivity (high
rate of false negatives) in comparison to quantitative
HPLC assay, not unexpected given the substantial
time, cost and expertise needed for the sensitive
HPLC assay (LOD �5 ng NCO per sample for labo-
ratory samples). Therefore, a negative SWYPE�
does not preclude the possibility that isocyanate
may be present on the sampled surface or skin area.

Another limitation of the SWYPE� indicators
was their variability in the workplace setting. Al-
though the laboratory testing showed reliable color
readings with repeat isocyanate loads and the inten-
sity score increased proportionally with greater
amounts of isocyanates spiked on the SWYPE�
pads, the workplace validation testing showed much
greater variability, as reflected in the high GSDs from
the paired qualitative and quantitative field samples.
Several factors, including variable areas and uneven
distribution of isocyanates on skin and surfaces in
the side-by-side sampling, uneven distribution on
colorimetric pads and variable sampling efficiencies
for the quantitative versus SWYPE� indicators
likely contributed to the observed variability between
paired qualitative and quantitative samples. Although
the surface and skin SWYPE� and PPE Permea-
Tec� indicators all use the same propriety reagent
to detect free NCO groups, there are differences,
which also may have contributed to the variability
between qualitative and quantitative results. For ex-
ample, the surface SWYPE� and Permea-Tec� in-
dicators react upon direct contact with isocyanate,
whereas the skin SWYPE� indicator utilizes a cloth
pad that requires isocyanate transfer to the reagent
strip, for which recovery rates are unknown. In addi-
tion, color intensity scoring of SWYPE� is a subjec-
tive process and requires the consistency of persons
reading the SWYPE�. A more objective color
scheme (such as a color intensity standard or the
use of a chromameter to process the intensity) may
reduce variability in color intensity rating and should
be developed for future studies. Controlled labora-
tory testing could have clarified some of these issues
regarding surface evaluation, but ethical concerns
limit human laboratory studies.
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Another important consideration with evaluation
of isocyanate skin exposure is the timing, which is
crucial, since SWYPE� indicators and the HPLC
quantitative assay both depend on the detection of
free NCO groups. Skin wipe sampling in this study
was performed immediately after tasks involving un-
cured isocyanate-containing products, except for
dry sanding with old paints. Isocyanates may be ab-
sorbed through the skin (Fent et al., 2006) and/or
may react with water, sweat and skin proteins
(Wisnewski et al., 2000), which could result in re-
duced detection of skin exposure. Thus, routine
surveillance with SWYPE� indicators could sub-
stantially underestimate skin exposure, especially if
such exposure is sporadic and the sampling is not
timed immediately after the exposure.

Despite these limitations, SWYPE� indicators
provide an immediate, easy, inexpensive and useful
tool for employers and workers to detect workplace
isocyanate surface contamination and skin exposures
shortly after they occur. Such immediate detection
should increase awareness of the potential for skin
exposure as well as lead to improved prevention.
SWYPE� indicators can also serve as a valuable re-
search tool in further investigating the health effects
of isocyanate skin exposures.

The second key finding of this study was the exten-
sive isocyanate skin exposure, including hands, face
and forearms, during a variety of routine tasks, and
including underneath PPE, based on .200 qualita-
tive SWYPE� skin samples taken from 124 auto
body workers. Skin exposure was also documented
during tasks considered lower risk for isocyanate ex-
posure and where gloves typically are not worn, such
as dry and wet sanding. Contamination was noted on
most surfaces during painting and mixing tasks. Such
surfaces provide opportunity for direct skin contact
until fully cured, which can take days to weeks (Bello
et al., 2007b). Our findings of extensive isocyanate
hand skin exposure are consistent with Pronk et al.
(2006b) who recently reported quantitative hand skin
exposures in auto body shop workers, using nitrile
rubber gloves as collection media under normally
worn gloves. Another recent report documented skin
exposure to HDI on a single painter using a tape strip
method to sample the stratum corneum and liquid
chromatography–mass spectrometry analysis (Fent
et al., 2006).

Comparable frequencies of contamination of dif-
ferent body parts (face/neck, hands and forearms)
and the significant association with isocyanate paint
content point to deposition of overspray aerosol as a
significant source for skin exposure. The relative con-
tribution of overspray aerosol deposition to skin
exposure is unknown. Our data on exposure determi-
nant modeling suggest that contaminated surfaces,
the use of isocyanate-containing hardeners and NCO
content are an important source of skin exposure.

Surface contamination may serve as a major skin ex-
posure source during mixing tasks where aerosol de-
position is unlikely. Identified determinants of skin
exposure should be targeted for exposure control.

Sampling under gloves indicated frequent isocya-
nate breakthrough and skin exposure during certain
tasks. For example, skin exposure under latex gloves
was found in �23% of the samples during painting
tasks, and up to 80% during spray gun cleaning.
Our observations documenting skin exposure under
gloves are consistent with recent findings from Pronk
et al. (2006b). Compared with exposures of unpro-
tected skin, however, the rate of positive samples
was generally lower under latex gloves. Whether
glove failure, especially during spray gun cleaning,
is due to isocyanate breakthrough with/without
solvent assistance, mechanical tears in gloves or
polymer disintegration is not known and warrants
further study, as do other glove types such as nitrile.

Testing under protective clothing and under half-
facepiece organic vapor cartridge respirators, the
dominant type in actual use in the U.S. (Liu et al.,
2006), indicated little or no breakthrough from iso-
cyanates using the qualitative sampling. However,
lower levels of isocyanate skin exposure cannot be
ruled out given the greater sensitivity of the quantita-
tive assay noted above. An intervention study to eval-
uate the effectiveness of different PPE and work
practices is underway.

CONCLUSION

This study has demonstrated the utility of qualita-
tive SWYPE� indicators as a reliable, immediate
and low-cost, but not highly sensitive, detection tool
for identifying isocyanate surface contamination
and skin exposure in the workplace, immediately
after use of isocyanate-containing products. Using
SWYPE� indicators we have documented wide-
spread isocyanate surface and skin contamination as-
sociated with paint-related activities. Exposure of
unprotected skin was common during some paint-
related tasks, including tasks for which gloves are
not routinely worn such as wet and dry sanding. Iso-
cyanates were also detected underneath commonly
used latex gloves. Contaminated surfaces and deposi-
tion of overspray aerosol both likely contribute to
isocyanate skin exposure in these workers. Although
the health effects of isocyanate skin exposure remain
unclear and warrant further research, it is prudent to
develop better strategies to reduce such exposures.
Although qualitative indicators have limitations,
they can facilitate awareness of, research on and
prevention of isocyanate skin exposure.

Acknowledgements—This study was supported by the US Na-
tional Heart, Lung and Blood Institute/National Institutes of
Health grant 1R01-HL62932 and NIOSH/Centers for Disease

438 Y. Liu et al.



Control grant 1R01OH03457. Dr Redlich was supported in
part by National Institute of Environmental Health Sciences
grant K24-ES00355. We thank Tom Klingner at CLI, Richard
Lawrence and Dr Allan Hines at OSHA, Mark Boeniger
and Dr Robert Streicher at NIOSH for technical support and
invaluable suggestions. We are grateful to Frank Walsh for
his dedicated fieldwork. We thank shop management and
workers, whose participation and support made this study
possible.

REFERENCES

Bello D, Herrick CA, Smith TJ et al. (2007a) Skin exposure to
isocyanates: reasons for concern. Environ Health Perspect;
115: 328–35.

Bello D, Sparer J, Redlich CA et al. (2007b) Slow curing of
aliphatic polyisocyanate paints in automotive refinishing:
a potential source for skin exposure. J Occup Environ Hyg;
4: 406–11.

Bello D, Streicher RP, Woskie SR. (2002) Evaluation of the
NIOSH draft method 5525 for determination of the total
reactive isocyanate group (TRIG) for aliphatic isocyanates
in autobody repair shops. J Environ Monit; 4: 351–60.

Bello D, Woskie SR, Streicher RP et al. (2004) Polyisocyanates
in occupational environments: a critical review of exposure
limits and metrics. Am J Ind Med; 46: 480–91.

Bello D, Woskie SR, Streicher RP et al. (2005) A laboratory in-
vestigation of the effectiveness of various skin and surface
decontaminants for aliphatic polyisocyanates. J Environ
Monit; 7: 716–21.

Di Stefano F, Siriruttanapruk S, McCoach J et al. (2004) Occu-
pational asthma in a highly industrialized region of UK:
report from a local surveillance scheme. Allerg Immunol
(Paris); 36: 56–62.

Fent KW, Jayaraj K, Gold A et al. (2006) Tape-strip sampling
for measuring dermal exposure to 1,6-hexamethylene diiso-
cyanate. Scand J Work Environ Health; 32: 225–40.

Goossens A, Detienne T, Bruze M. (2002) Occupational aller-
gic contact dermatitis caused by isocyanates. Contact Derm;
47: 304–8.

Liu Y, Sparer J, Woskie SR et al. (2000) Qualitative assessment
of isocyanate skin exposure in auto body shops: a pilot study.
Am J Ind Med; 37: 265–74.

Liu Y, Stowe MH, Bello D et al. (2006) Respiratory protection
from isocyanate exposure in the autobody repair and refin-
ishing industry. J Occup Environ Hyg; 3: 234–49.

NIOSH. (2003) NIOSH manual of analytical methods, 4th edn.
Method 5525, Isocyanates, total (MAP). Cincinnati, OH:
National Institute for Occupational Safety and Health.

OSHA. (1997) Aromatic isocyanate surface contamination
sampling and evaluation techniques. Available at http://
www.osha.gov/SLTC/isocyanates/mrl_inte.html. Accessed
18 January 2001.

Pronk A, Tielemans E, Skarping G et al. (2006a) Inhalation
exposure to isocyanates of car body repair shop workers
and industrial spray painters. Ann Occup Hyg; 50: 1–14.

Pronk A, Yu F, Vlaanderen J et al. (2006b) Dermal, inhalation,
and internal exposure to 1,6-HDI and its oligomers in car
body repair shop workers and industrial spray painters.
Occup Environ Med; 63: 624–31.

Redlich CA, Bello D, Wisnewski AV. (2006) Isocyanate expo-
sures and health effects. In: Rom WN and Markowitz S, ed-
itors. Environmental and occupational medicine, Chapter 30.
Philadelphia, PA: Lippincott Williams & Wilkins; pp. 502–16.

Redlich CA, Stowe MH, Wisnewski AV et al. (2001) Subclin-
ical immunologic and physiologic responses in hexamethy-
lene diisocyanate-exposed auto body shop workers. Am J
Ind Med; 39: 587–97.

Sparer J, Stowe MH, Bello D et al. (2004) Isocyanate exposures
in autobody shop work: the SPRAY study. J Occup Environ
Hyg; 1: 570–81.

Thompson ML, Myers JE, Kriebel D. (1998) Prevalence odds
ratio or prevalence ratio in the analysis of cross sectional
data: what is to be done? Occup Environ Med; 55: 272–7.

US Bureau of Census. (2002) 2002 Economic census, North
American Industry Classification System (NAICS) code
811121. Available at http://www.census.gov/epcd/ec97/
industry/E811121.HTM. Accessed 18 January 2001.

Vandenplas O, Cartier A, Lesage J et al. (1993) Prepolymers of
hexamethylene diisocyanate as a cause of occupational
asthma. J Allergy Clin Immunol; 91: 850–61.

Wisnewski AV, Srivastava R, Herick C et al. (2000) Identifica-
tion of human lung and skin proteins conjugated with hex-
amethylene diisocyanate in vitro and in vivo. Am J Respir
Crit Care Med; 162: 2330–6.

Woskie SR, Sparer J, Gore RJ et al. (2004) Determinants of iso-
cyanate exposures in auto body repair and refinishing shops.
Ann Occup Hyg; 48: 393–403.

Isocyanate skin exposure in auto body repair shops 439

http://www.osha.gov/SLTC/isocyanates/mrl_inte.html
http://www.osha.gov/SLTC/isocyanates/mrl_inte.html
http://www.census.gov/epcd/ec97/industry/E811121.HTM
http://www.census.gov/epcd/ec97/industry/E811121.HTM

