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Objectives: Isocyanate chemicals essential for polyurethane production are widely used indus-
trially, and are increasingly found in consumer products. Asthma and other adverse health ef-
fects of isocyanates are well-documented and exposure surveillance is crucial to disease
prevention. Hexamethylene diisocyanate (HDI)-specific serum immunoglobulin G (IgG) was
evaluated as an exposure biomarker among workers at a US Air Force Air Logistics Center,
which includes a large aircraft maintenance facility.
Methods: HDI-specific IgG (HDI-IgG) titers in serum samples (n 5 74) were measured us-

ing an enzyme-linked immunosorbent assay based upon the biuret form of HDI conjugated to
human albumin. Information on personal protective equipment (PPE), work location/tasks,
smoking, asthma history, basic demographics, and HDI skin exposure was obtained through
questionnaire.
Results: HDI-specific serum IgG levels were elevated in n 5 17 (23%) of the workers stud-

ied. The prevalence and/or end-titer of the HDI-IgG was significantly (P < 0.05) associated
with specific job titles, self-reported skin exposure, night-shift work, and respirator use, but
not atopy, asthma, or other demographic information. The highest titers were localized to spe-
cific worksites (C-130 painting), while other worksites (generator painting) had no or few
workers with detectable HDI-IgG.
Conclusions: HDI-specific immune responses (IgG) provide a practical biomarker to aid in

exposure surveillance and ongoing industrial hygiene efforts. The strategy may supplement
current air sampling approaches, which do not assess exposures via skin, or variability
in PPE use or effectiveness. The approach may also be applicable to evaluating isocyanate
exposures in other settings, and may extend to other chemical allergens.
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INTRODUCTION

Isocyanates (R–N5C5O), the low-molecular
weight chemicals essential to making polyurethane,
are immunogenic, and remain a leading cause of
occupational asthma, despite substantial efforts to
reduce exposure (Redlich et al., 2007; Tarlo, 2008;

Dykewicz, 2009). Once allergic sensitization to iso-
cyanate occurs, asthmatic reactions may be triggered
by exceedingly minute concentrations, well below
established occupational exposure limits (Redlich
and Karol, 2002). Most reported cases of isocyanate
asthma occur among workers in end-user settings,
where usage is often intermittent and challenging
to monitor (Rudzinski et al., 1998; Redlich and
Karol, 2002; Sennbro et al., 2004; Henneken et al.,
2007). The general public can also be exposed to
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isocyanates from the growing use of isocyanate-
based consumer products (such as do-it-yourself
polyurethane spray foam and paints) or as bystanders
during isocyanate application in residential or public
areas (home/school) (Krone, 2004; Jan et al., 2008).
Exposure may also occur from finished polyurethane
products, under conditions where free isocyanates
are (re)generated, e.g. heat/abrasion, cutting/sanding
(Dalene et al., 1997; Boutin et al., 2006). The recog-
nized dangers of isocyanate exposure have prompted
the European Union to restrict the aromatic isocya-
nate, methylene diphenyl diisocyanate, in consumer
products (European Parliament and Council on
the Registration, Evaluation, Authorization and
Restriction of Chemicals [REACH], 22 June 2009).
Exposure surveillance is crucial to disease preven-

tion in environments where isocyanates are used
(Lesage et al., 1992; Carlton and England, 2000;
Whittaker and Reeb-Whitaker, 2009). Currently,
the primary approach to isocyanate exposure surveil-
lance and regulation is air sample analysis, via
chemical derivatization and spectrometry (Myer
et al., 1993; Streicher et al., 2002). However, the
measurement of airborne isocyanate vapor and aero-
sols presents challenging sampling problems, espe-
cially in diverse end-user settings, where usage can
be highly variable, dependent upon multiple factors,
e.g. solvent usage, catalysts, isocyanate isomer com-
position, and pre-polymerization (Rudzinski et al.,
1998; Carlton and England, 2000; Sennbro et al.,
2004; Sparer et al., 2004; Henneken et al., 2007).
Additionally, isocyanate skin exposure, which likely
contributes to immune sensitization and the develop-
ment of isocyanate asthma, is not detected through
air sampling, and standardized methods for assessing
skin exposure remain lacking (Vanoirbeek et al.,
2004; Redlich and Herrick, 2008; Wisnewski et al.,
2011). Thus, contemporary isocyanate exposure sur-
veillance methods are limited and additional strate-
gies are needed to help identify sources of ongoing
exposure.
In the present study, we evaluate the possibility

of biomonitoring isocyanate exposure, based on
immunologic [immunoglobulin G (IgG)] responses
to exposure. Isocyanate-specific IgG are not nor-
mally found in human serum (the chemicals are
man-made and do not exist naturally), but are pres-
ent with a relatively high prevalence among
exposed workers (Welinder et al., 1988; Lushniak
et al., 1998; Redlich et al., 2001; Pronk et al.,
2007). The dose–response relationship between
isocyanate exposure and isocyanate-specific serum
IgG has been difficult to quantify, given the chal-
lenges of exposure monitoring; however, positive

correlations have been reported from epidemiologic
studies of isocyanate-exposed workers, based on
timed task-derived personal exposure estimates
(Pronk et al., 2007). Similar associations of aller-
gen-specific IgG and exposure have been docu-
mented for other occupational allergens, e.g. rat
allergens and wheat flour, among laboratory work-
ers and bakers, respectively (Platts-Mills et al.,
1987; Tiikkainen and Klockars, 1990; Cullinan,
1998).
The use of serum IgG as an exposure biomarker is

a relatively under-appreciated concept in chemical
exposure assessment; however, the approach is
a well-established strategy for exposure surveillance
of infectious agents (Re et al., 1988; Lee et al.,
2001). Exposure-induced, antigen-specific IgG is
an especially useful biomarker, when methods are
not available or practical for directly measuring
a given substance within the body (Francis et al.
1988; Re et al. 1988). Isocyanate-specific IgG may
provide a similarly practical approach to assessing
isocyanate exposure, given the obstacles/challenges
of current isocyanate exposure monitoring methods.
In the present study, we evaluated HDI-specific

IgG (HDI-IgG) responses in a group of US Air Force
(USAF) aircraft maintenance workers, to help assess
the effectiveness of ongoing HDI industrial hygiene
efforts at their workplace. Aircraft maintenance
centers, like many isocyanate end-user settings,
present substantial challenges with regard to expo-
sure surveillance, including the complex mixtures
of aerosols/vapors, variable timing of chemical use,
opportunity for skin exposure, and reliance upon
personal protective equipment (PPE) (LaPuma and
Bolch, 1999; Carlton and England, 2000; England
et al., 2000). In this setting, we demonstrate the
practical application of isocyanate-specific IgG as
an exposure biomarker, and its potential utility in
assisting industrial hygiene efforts.

METHODS

Workers and workplace

Workers at Hill Air Force Base (AFB) of the
USAF were invited to attend an informational ses-
sion conducted by Yale investigators, to explain the
study’s purpose and recruit volunteers. Seventy-four
subjects volunteered to participate and provided
informed consent, then completed a questionnaire,
donated 10 ml of blood, and were assigned a unique
number to de-identify questionnaire data and
blood test results. All work was performed in accor-
dance with the USAF and Yale University rules
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regarding the ethical conduct of clinical research
and protection of human subjects.

HDI-specific IgG

Serum was analyzed for HDI-IgG by an enzyme-
linked immunosorbent assay (ELISA), using Nunc
MaxiSorp� microtiter plates (VWR International,
West Chester, PA) coated with 1 lg per well of albu-
min that was conjugated with the biuret form of HDI
(see below), as previously described (Wisnewski
et al., 2004; Campo et al., 2007). A peroxidase-
conjugated anti-human IgG secondary and the sub-
strate 3,3’,5,5’ tetramethyl benzidine were both from
Pharmingen (San Diego, CA). HDI-IgG was quanti-
tated as an end-titer, i.e. the maximal dilution
that yields a positive ELISA test result, defined as
an optical density value .3 standard deviations
(SDs) above the mean value obtained with pooled
sera of unexposed subjects (n 5 12). An HDI-IgG
titer .1:8 was considered significantly elevated
based upon previously published studies with
.1000 different individuals (Redlich et al., 2001;
Sparer et al., 2004; Wisnewski et al., 2004; Campo
et al., 2007; Pronk et al., 2007).

HDI-conjugated albumin

The biuret of HDI (Bayer, Pittsburgh, PA) was
diluted 2-fold in acetone (JT Baker Company;
Phillipsburg, NJ) to reduce viscosity, and then
diluted another 500-fold with rapid stirring, into
a 5 mg*ml-1 solution of human albumin (Sigma
Chemical Company, St Louis, MO), so that the final
reaction mixture contained 0.1% (v/v) HDI biuret.
After 2 h at room temperature, the reaction mixture
was 0.2 lm filtered, dialyzed four times against
20-mM phosphate buffered saline, pH 7.2, refil-
tered, aliquoted, and stored at –20�C.

Data analysis

The results of the serum HDI-antibody analyses
and questionnaires were entered into a secure data-
base. HDI-IgG titers were log-transformed and
geometric means and SDs were used for analyses.
To determine if there were differences in character-
istics between groups (positive and negative titers,
job categories) with regard to continuous variables,
Student’s t-tests were utilized. A pooled variance
was used to determine significance, unless the group
variances were significantly different at a 5 0.05,
in which case Satterthwaite’s method was used to
calculate variance. Fisher’s Exact test, or in some
cases, Cochran–Mantel–Haenszel or chi-squared
analyses were used to determine differences between

groups with regard to categorical variables. All anal-
yses were performed using SAS 9.1 (SAS Institute
Inc., Cary, NC).

RESULTS

Demographics of study participants

Seventy-four, out of �400 Hill AFB workers with
potential exposure to isocyanate-containing products,
volunteered to participate. The majority of partici-
pants were from the 309th Maintenance Wing
(MXW), and had a number of different job titles in-
cluding aircraft painter, aircraft corrosion control,
missile equipment/generator corrosion control, and
maintenance/vehicle mechanic. The remaining partic-
ipants, from the 388th Fighter Wing (FW), were all
classified as aircraft structural maintenance workers.
Demographic information on ethnicity, age, length

of employment, smoking status, and asthma history
are summarized in Table 1. The population was pre-
dominantly male (89.2%), Caucasian (86.4%), and
non-smoking (73%), with a mean age of 37.7 years,
and an average 8.1 years employment at Hill AFB.
Workers from the 309th MXW were slightly older
(mean age 41 versus 26 years) and included more
women (13.6 versus 0%), more night shift workers
(8.5 versus 0%), more asthmatics (8.5 versus 0%),
and more smokers (30.5 versus 13.3%).

PPE use

PPE use during different tasks with potential HDI
exposure (spray painting, mixing, taping, sandblast-
ing) was derived from questionnaire data, and is sum-
marized in Fig. 1. As shown, nearly all workers
reported using optimal respiratory PPE when painting
(i.e. 91% reporting using supplied air respirators);
however, less protection was worn for other tasks with
potential HDI exposure (taping, mixing). Workers
from the 388th FW reported being more likely towear
hood covering when painting (P , 0.05), nitrile
gloves when taping (P, 0.05), and a respirator when-
mixing paint (P, 0.01), compared with workers from
the 309th MXW (Supplementary Table 1 is available
at Annals of Occupational Hygiene online).

Respiratory tract and skin exposure assessment

Extensive air sample analyses from Hill and other
USAF bases, including measurements of HDI
levels during spray painting and similar tasks, are
publically available (Poitrast and Carpenter, 1990;
LaPuma and Bolch, 1999; Carlton and England,
2000; England et al., 2000; England et al., 2000a;
LaPuma, 2001; DeCamp and Murphy, 2006). HDI
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monomer concentrations generally range from 0.31
to 3.51 lg/m3, well below the permissible exposure
level (34 lg/m3) defined by the Occupational Safety
and Health Administration (OSHA), based on an 8-h

time-weighted average. HDI oligomer levels typi-
cally range from,0.01 to 0.36 mg/m3, below the ac-
tion level (0.5–1 mg/m3) recommended by some
individual state governments (oligomeric HDI is

Table 1. Demographics of the study population.

Variable All workers, n (%) 309th MXW, n (%) 388th FW, n (%)

Total workers 74 (100.0) 59 (100.0) 15 (100.0)

Gender

Male 66 (89.2) 51 (86.4) 15 (100.0)

Female 8 (10.8) 8 (13.6) 0 (0.0)

Ethnicity

White 64 (86.5) 52 (88.1) 12 (80.0)

Hispanic 7 (9.5) 6 (10.1) 1 (6.7)

African American 2 (2.7) 0 (0.0) 2 (13.3)

Other 1 (1.35) 1 (1.7) 0 (0.0)

Age (years)

Mean – SD 37.7 – 13.3 40.6 – 13.1 26 – 6.2

Range 20–65 24–65 20–40

Years worked at Hill AFB

Mean – SD 8.1 – 7.2 8.5 – 7.6 6.5 – 5.1

Range 0–35 0–35 0–20

Shift

Day 55 (74.3) 45 (76.3) 10 (66.7)

Swing 14 (18.9) 9 (15.3) 5 (33.3)

Night 5 (6.8) 5 (8.5) 0 (0.0)

Current smoker

Yes 20 (27.0) 18 (30.5) 2 (13.3)

Allergic history (n 5 73)

Yes 30 (41.1) 26 (44.1) 4 (26.7)

Current asthma

Current 5 (6.8) 5 (8.5) 0 (0.0)

Fig. 1. Frequency of PPE usage by task. The percentage of time workers’ used different PPE, when performing different tasks is
displayed on the y-axis. Data were derived from questionnaires.
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not regulated by OSHA) (LaPuma and Bolch, 1999;
LaPuma, 2001; Streicher et al., 2002).
Skin exposure to HDI was qualitatively evaluated

through questionnaire, and found to be relatively
common (Table 2). Over 95% of the workers reported
skin exposure to paints, most commonly on the hands
and arms, which correlated with the amount of time
spent painting and taping (data not shown).

HDI-specific IgG

Of the seventy-four workers who participated
in this study, seventeen (23%) had measurable HDI-
specific serum IgG levels, with a mean titer .1:100,
and individual titers ranging from 1:20 to 1:2560
(Supplementary Tables 2 and 3 are available at Annals
of Occupational Hygiene online). Of the seventeen
subjects with HDI-specific serum IgG, sixteen
(94%) were from the 309th MXW, while only 1
(,7%) was from the 388th FW.
Within the 309th MXW, the prevalence of HDI-

IgG was highest among Aircraft Painters (30.8%)

compared with other painters, and was similar
(28.6–33.3%) among workers on different aircraft
types, e.g. F-16, A-10, and C-130 painters (Fig. 2).
The lowest prevalence of HDI-IgG was found among
the 309th MXW Generator Painters (0%), who, de-
spite reporting the highest number of hours painting
per week, primarily undertook tasks with more
limited opportunities for exposure. In quantitative
terms, the highest titers of HDI-IgG (mean .1:200)
were observed among C-130 painters. Notably, three
of five (60%) of the night shift workers (all C-130
painters) had elevated levels of HDI-specific serum
IgG, with a mean titer .1:800. Together, the data
identify workers in specific work zones (C-130
painting), which may benefit most from increased
industrial hygiene efforts.

Skin exposure, PPE use, and other factors associated
with HDI-IgG

Further analyses were performed to identify addi-
tional factors that might be associated with HDI

Fig. 2. HDI-IgG titers among workers at different worksites (wing/organization). The reciprocal of the mean titers of HDI-IgG
for each subgroup of three or more workers (different color bars) was determined by ELISA and is depicted on the y-axis. Negative
titers,1:4 were assigned a value of 1. Work locations are shown in key. The prevalence (%) and number of positive workers/total

number in that location are given above each bar.

Table 2. Frequency with which workers noticed paint on skin, and time spent on different job tasks (n 5 73).a

Hours workers spent on job tasks (mean – SD)

Skin exposure Number of workers (%) Taping Painting Mixing Sandblasting

Frequently 28 (37.8) 11.8 – 10.5 9.6 – 8.0 3.2 – 3.2 3.5 – 6.5

Occasionally 42 (56.8) 8.9 – 7.6 8.5 – 7.7 3.3 – 4.8 2.3 – 4.8

Never 3 (4.1) 2.3 – 3.2 4.2 – 5.2 2.3 – 3.2 1.7 – 2.1

aData derived from questionnaires; no data from one worker.
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displayed on the y-axis. Data were derived from questionnaires.
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not regulated by OSHA) (LaPuma and Bolch, 1999;
LaPuma, 2001; Streicher et al., 2002).
Skin exposure to HDI was qualitatively evaluated

through questionnaire, and found to be relatively
common (Table 2). Over 95% of the workers reported
skin exposure to paints, most commonly on the hands
and arms, which correlated with the amount of time
spent painting and taping (data not shown).

HDI-specific IgG

Of the seventy-four workers who participated
in this study, seventeen (23%) had measurable HDI-
specific serum IgG levels, with a mean titer .1:100,
and individual titers ranging from 1:20 to 1:2560
(Supplementary Tables 2 and 3 are available at Annals
of Occupational Hygiene online). Of the seventeen
subjects with HDI-specific serum IgG, sixteen
(94%) were from the 309th MXW, while only 1
(,7%) was from the 388th FW.
Within the 309th MXW, the prevalence of HDI-

IgG was highest among Aircraft Painters (30.8%)

compared with other painters, and was similar
(28.6–33.3%) among workers on different aircraft
types, e.g. F-16, A-10, and C-130 painters (Fig. 2).
The lowest prevalence of HDI-IgG was found among
the 309th MXW Generator Painters (0%), who, de-
spite reporting the highest number of hours painting
per week, primarily undertook tasks with more
limited opportunities for exposure. In quantitative
terms, the highest titers of HDI-IgG (mean .1:200)
were observed among C-130 painters. Notably, three
of five (60%) of the night shift workers (all C-130
painters) had elevated levels of HDI-specific serum
IgG, with a mean titer .1:800. Together, the data
identify workers in specific work zones (C-130
painting), which may benefit most from increased
industrial hygiene efforts.

Skin exposure, PPE use, and other factors associated
with HDI-IgG

Further analyses were performed to identify addi-
tional factors that might be associated with HDI

Fig. 2. HDI-IgG titers among workers at different worksites (wing/organization). The reciprocal of the mean titers of HDI-IgG
for each subgroup of three or more workers (different color bars) was determined by ELISA and is depicted on the y-axis. Negative
titers,1:4 were assigned a value of 1. Work locations are shown in key. The prevalence (%) and number of positive workers/total

number in that location are given above each bar.

Table 2. Frequency with which workers noticed paint on skin, and time spent on different job tasks (n 5 73).a

Hours workers spent on job tasks (mean – SD)

Skin exposure Number of workers (%) Taping Painting Mixing Sandblasting

Frequently 28 (37.8) 11.8 – 10.5 9.6 – 8.0 3.2 – 3.2 3.5 – 6.5

Occasionally 42 (56.8) 8.9 – 7.6 8.5 – 7.7 3.3 – 4.8 2.3 – 4.8

Never 3 (4.1) 2.3 – 3.2 4.2 – 5.2 2.3 – 3.2 1.7 – 2.1

aData derived from questionnaires; no data from one worker.
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Table 3. Comparison of workers with elevated or normal HDI-IgG titers.

HDI-IgGþ (n 5 17) HDI-IgG� (n 5 57)

Titer (mean – SD) 120.3 – 5.0 1.0 – 0

Years worked (mean – SD) 11.23 – 9.9 7.1 – 5.9

Age (mean – SD) 40.4 – 15.5 36.9 – 12.6

Sex, n

Male 16 (94.1) 50 (87.7)

Female 1 (5.9) 7 (12.3)

Hours spent on tasks

Taping 9.1 – 10.1 10.0 – 8.5

Painting 8.1 – 7.2 8.9 – 8.0

Mixing 2.9 – 2.6 3.4 – 4.5

Sandblasting 0.6 – 2.4 2.4 – 5.9

Brush/roll 1.2 – 2.5 1.3 – 2.4

Other 2.6 – 6.3 2.8 – 5.1

Frequency of skin exposurea,b

Frequently 10 (58.8) 18 (32.1)

Occasionally 6 (35.3) 36 (64.3)

Never 1 (5.9) 2 (3.6)

Currently smokingc

Yes 1 (5.9) 19 (33.3)

PPE use

Glove type

Nitrile 12 (70.6) 38 (66.7)

Latex 3 (17.6) 12 (21.1)

Other 1 (5.9) 4 (7.0)

None 1 (5.9) 3 (5.3)

Respirator typed,e

Supplied air respirator 12 (70.6) 54 (94.7)

Cartridge respirator 3 (17.6) 1 (1.8)

None 2 (11.8) 2 (3.5)

Head covering

Hood 11 (64.7) 44 (77.2)

No hood 6 (35.9) 13 (22.8)

Total IgE

�50 2 (11.8) 8 (14.0)

aBased on questionnaire, data for one worker was missing.
bPeople who have elevated HDI-IgG are more likely to notice paint on their skin frequently (p,0.05), care less likely to be
current smokers (p50.03), dand are less likely to be wearing supplied air respirators (P , 0.02).
eAll workers who reported wearing respirators also reported having undergone appropriate fit testing.

Table 4. HDI-IgG status and skin exposure among workers who paint (n 5 67).

Frequency of skin exposurea HDI-IgG Titer Range
No. elevated/total (%) Mean – SD

Frequently 10/27 (37.0)b 91.0 – 262.6 1–1280

Occasionally 5/38 (13.2) 146.7 – 578.9 1–2560

Never 0/2 (0) 1.0 0.0

aReported frequency of paint on skin for workers who paint based on questionnaire.
bPainters who notice paint on their skin frequently (versus occasionally or never) are more likely to have elevated HDI-IgG
(P , 0.05).
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exposure, based on correlation with HDI-specific se-
rum IgG titers. Within the entire study population,
significant associations of HDI-specific serum IgG
were observed with skin exposure and respirator
use, but not demographics, total IgE, or self-reported
atopy/allergies (Tables 3 and 4). Re-analysis of only
the 309thMXWAircraft Painters, presumably amore
homogeneous worker group with greater potential
for exposure, also identified a significant association
between HDI-IgG and skin exposure, but not respira-
tor use, or other PPE (Supplementary Table 4 is
available at Annals of Occupational Hygiene online).
In fact, 70.6% (12/17) of the workers with elevated
HDI-IgG titers wore supplied air respirators, which
provide optimal protection against respiratory tract
exposure. Together, the data suggest that immune
sensitization can occur despite the use of recommen-
ded respirators (and other PPE), and provide further
evidence for the potential contribution of skin
exposure toward this process.
The only other variable, in the present study, found

to be associated with HDI-specific serum IgG was
(non)smoking status. The negative association be-
tween smoking and HDI-IgG is intriguing in light
of the inverse relationship between smoking and iso-
cyanate asthma reported in limited prior studies; how-
ever, the implications of such findings remain unclear
and will require further analysis to better understand
(Mapp et al., 1988; Chan-Yeung, 1990).

DISCUSSION

We have used a relatively novel HDI exposure
biomonitoring approach, based on the detection of
chemical-specific serum IgG, to assist HDI exposure
surveillance efforts at a USAF Air Logistics Center,
including a large aircraft maintenance facility. HDI-
specific serum IgG levels were found to be elevated
in 23% of the study participants, despite extensive
industrial hygiene controls and regular PPE use.
HDI-IgG titers were significantly (P , 0.05) associ-
ated with specific job titles, self-reported skin expo-
sure, night shift work, and respirator use, but not
with atopy, asthma, or asthma symptoms. Specific
workers, work sites, and practices that would likely
benefit most from improved industrial hygiene
efforts were identified.
The data demonstrate the potential use of HDI se-

rology, as a strategy to complement contemporary ex-
posure surveillance efforts. As a biomarker, HDI-IgG
provides exposure information distinct from that ob-
tained through traditional air sampling approaches,
which typically is performed intermittently for se-
lected workers or work areas. Importantly, HDI-IgG

biomonitoring may detect exposures missed by air
sampling, such as skin exposure, and may account
for potential variability in PPE use and/or effective-
ness. Serum IgG responses may also detect highly
variable (e.g. short-term/high dose or accidental) ex-
posures and/or those limited to distinct locations or
tasks, which non-continuous air sampling might miss
due to timing or placement of monitoring equipment.
Thus, HDI-IgG offers a unique modality for monitor-
ing isocyanate exposures, and can provide infor-
mation that synergizes with that obtained though
current exposure monitoring methods.
The practicality and feasibility of biomonitoring

HDI-specific serum IgG by ELISA is a major strength
toward its potential incorporation into exposure sur-
veillance programs. HDI-IgG ELISAs, which have
recently been improved by using oligomeric (biuret)
HDI-albumin as an antigenic basis, can be performed
relatively quickly (�6 h) using small volumes of
blood (�100 ll), in high-throughput fashion, with
widely available laboratory equipment (Campo
et al., 2007; Wisnewski, 2007). This contrasts with
other exposure biomarkers, such as chemically bound
self-proteins (adducts) or urinary metabolites, which
typically require specialized chromatography and
mass spectrometry equipment for detection and quan-
titation (Sepai et al., 1995; Johannesson et al., 2004).
Additionally, the typical half-life of serum IgG (�1
month) likely provides a stable integrated marker of
exposure over the past weeks to months; unlike urine
metabolites, whose short half-life (�2h) captures only
a ‘snap-shot’ of exposure, and creates critical time
constraints that limit practical utility (Liu et al., 2004).
The present data, along with other recent isocya-

nate serology and animal studies, refute the
hypothesis that isocyanate-specific IgG participates
in asthma pathogenesis or represents a biomarker of
isocyanate asthma, which had been suggested by lim-
ited prior clinical investigations (Cartier et al., 1989;
Grammer et al., 1990; Bernstein et al., 1997; Park
et al., 1999; Redlich et al., 2001; Herrick et al.,
2000; Wisnewski et al., 2004; Matheson et al.,
2005; Pronk et al., 2007). These earlier investigations
focused primarily on individuals with proven cases of
isocyanate asthma, and generally contained limited
numbers of healthy exposed workers for comparison.
In retrospect, significant association between isocya-
nate asthma and isocyanate-specific IgG observed
by different investigators, in different studies, may re-
flect higher exposure among affected workers, which
may have increased their risk for developing isocya-
nate asthma. Such data further underscore the impor-
tance of exposure surveillance as a critical aspect of
isocyanate asthma prevention efforts.
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Table 3. Comparison of workers with elevated or normal HDI-IgG titers.

HDI-IgGþ (n 5 17) HDI-IgG� (n 5 57)

Titer (mean – SD) 120.3 – 5.0 1.0 – 0

Years worked (mean – SD) 11.23 – 9.9 7.1 – 5.9

Age (mean – SD) 40.4 – 15.5 36.9 – 12.6

Sex, n

Male 16 (94.1) 50 (87.7)

Female 1 (5.9) 7 (12.3)

Hours spent on tasks

Taping 9.1 – 10.1 10.0 – 8.5

Painting 8.1 – 7.2 8.9 – 8.0

Mixing 2.9 – 2.6 3.4 – 4.5

Sandblasting 0.6 – 2.4 2.4 – 5.9

Brush/roll 1.2 – 2.5 1.3 – 2.4

Other 2.6 – 6.3 2.8 – 5.1

Frequency of skin exposurea,b

Frequently 10 (58.8) 18 (32.1)

Occasionally 6 (35.3) 36 (64.3)

Never 1 (5.9) 2 (3.6)

Currently smokingc

Yes 1 (5.9) 19 (33.3)

PPE use

Glove type

Nitrile 12 (70.6) 38 (66.7)

Latex 3 (17.6) 12 (21.1)

Other 1 (5.9) 4 (7.0)

None 1 (5.9) 3 (5.3)

Respirator typed,e

Supplied air respirator 12 (70.6) 54 (94.7)

Cartridge respirator 3 (17.6) 1 (1.8)

None 2 (11.8) 2 (3.5)

Head covering

Hood 11 (64.7) 44 (77.2)

No hood 6 (35.9) 13 (22.8)

Total IgE

�50 2 (11.8) 8 (14.0)

aBased on questionnaire, data for one worker was missing.
bPeople who have elevated HDI-IgG are more likely to notice paint on their skin frequently (p,0.05), care less likely to be
current smokers (p50.03), dand are less likely to be wearing supplied air respirators (P , 0.02).
eAll workers who reported wearing respirators also reported having undergone appropriate fit testing.

Table 4. HDI-IgG status and skin exposure among workers who paint (n 5 67).

Frequency of skin exposurea HDI-IgG Titer Range
No. elevated/total (%) Mean – SD

Frequently 10/27 (37.0)b 91.0 – 262.6 1–1280

Occasionally 5/38 (13.2) 146.7 – 578.9 1–2560

Never 0/2 (0) 1.0 0.0

aReported frequency of paint on skin for workers who paint based on questionnaire.
bPainters who notice paint on their skin frequently (versus occasionally or never) are more likely to have elevated HDI-IgG
(P , 0.05).
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exposure, based on correlation with HDI-specific se-
rum IgG titers. Within the entire study population,
significant associations of HDI-specific serum IgG
were observed with skin exposure and respirator
use, but not demographics, total IgE, or self-reported
atopy/allergies (Tables 3 and 4). Re-analysis of only
the 309thMXWAircraft Painters, presumably amore
homogeneous worker group with greater potential
for exposure, also identified a significant association
between HDI-IgG and skin exposure, but not respira-
tor use, or other PPE (Supplementary Table 4 is
available at Annals of Occupational Hygiene online).
In fact, 70.6% (12/17) of the workers with elevated
HDI-IgG titers wore supplied air respirators, which
provide optimal protection against respiratory tract
exposure. Together, the data suggest that immune
sensitization can occur despite the use of recommen-
ded respirators (and other PPE), and provide further
evidence for the potential contribution of skin
exposure toward this process.
The only other variable, in the present study, found

to be associated with HDI-specific serum IgG was
(non)smoking status. The negative association be-
tween smoking and HDI-IgG is intriguing in light
of the inverse relationship between smoking and iso-
cyanate asthma reported in limited prior studies; how-
ever, the implications of such findings remain unclear
and will require further analysis to better understand
(Mapp et al., 1988; Chan-Yeung, 1990).

DISCUSSION

We have used a relatively novel HDI exposure
biomonitoring approach, based on the detection of
chemical-specific serum IgG, to assist HDI exposure
surveillance efforts at a USAF Air Logistics Center,
including a large aircraft maintenance facility. HDI-
specific serum IgG levels were found to be elevated
in 23% of the study participants, despite extensive
industrial hygiene controls and regular PPE use.
HDI-IgG titers were significantly (P , 0.05) associ-
ated with specific job titles, self-reported skin expo-
sure, night shift work, and respirator use, but not
with atopy, asthma, or asthma symptoms. Specific
workers, work sites, and practices that would likely
benefit most from improved industrial hygiene
efforts were identified.
The data demonstrate the potential use of HDI se-

rology, as a strategy to complement contemporary ex-
posure surveillance efforts. As a biomarker, HDI-IgG
provides exposure information distinct from that ob-
tained through traditional air sampling approaches,
which typically is performed intermittently for se-
lected workers or work areas. Importantly, HDI-IgG

biomonitoring may detect exposures missed by air
sampling, such as skin exposure, and may account
for potential variability in PPE use and/or effective-
ness. Serum IgG responses may also detect highly
variable (e.g. short-term/high dose or accidental) ex-
posures and/or those limited to distinct locations or
tasks, which non-continuous air sampling might miss
due to timing or placement of monitoring equipment.
Thus, HDI-IgG offers a unique modality for monitor-
ing isocyanate exposures, and can provide infor-
mation that synergizes with that obtained though
current exposure monitoring methods.
The practicality and feasibility of biomonitoring

HDI-specific serum IgG by ELISA is a major strength
toward its potential incorporation into exposure sur-
veillance programs. HDI-IgG ELISAs, which have
recently been improved by using oligomeric (biuret)
HDI-albumin as an antigenic basis, can be performed
relatively quickly (�6 h) using small volumes of
blood (�100 ll), in high-throughput fashion, with
widely available laboratory equipment (Campo
et al., 2007; Wisnewski, 2007). This contrasts with
other exposure biomarkers, such as chemically bound
self-proteins (adducts) or urinary metabolites, which
typically require specialized chromatography and
mass spectrometry equipment for detection and quan-
titation (Sepai et al., 1995; Johannesson et al., 2004).
Additionally, the typical half-life of serum IgG (�1
month) likely provides a stable integrated marker of
exposure over the past weeks to months; unlike urine
metabolites, whose short half-life (�2h) captures only
a ‘snap-shot’ of exposure, and creates critical time
constraints that limit practical utility (Liu et al., 2004).
The present data, along with other recent isocya-

nate serology and animal studies, refute the
hypothesis that isocyanate-specific IgG participates
in asthma pathogenesis or represents a biomarker of
isocyanate asthma, which had been suggested by lim-
ited prior clinical investigations (Cartier et al., 1989;
Grammer et al., 1990; Bernstein et al., 1997; Park
et al., 1999; Redlich et al., 2001; Herrick et al.,
2000; Wisnewski et al., 2004; Matheson et al.,
2005; Pronk et al., 2007). These earlier investigations
focused primarily on individuals with proven cases of
isocyanate asthma, and generally contained limited
numbers of healthy exposed workers for comparison.
In retrospect, significant association between isocya-
nate asthma and isocyanate-specific IgG observed
by different investigators, in different studies, may re-
flect higher exposure among affected workers, which
may have increased their risk for developing isocya-
nate asthma. Such data further underscore the impor-
tance of exposure surveillance as a critical aspect of
isocyanate asthma prevention efforts.
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The present finding that 23% of the subjects had
elevated HDI-IgG titers, despite extensive industrial
hygiene efforts and use of PPE, challenges common
perceptions regarding the effectiveness of such
practices and current air monitoring approaches of
surveillance. However, the findings are consistent
with limited, but not widely appreciated, data on
auto body spray painters, demonstrating isocyanate
exposure underneath nitrile gloves, respirators, and
protective clothing (Bello et al., 2008). Notably,
the prevalence and titer of HDI-IgG among aircraft
workers in the present study is similar to that re-
ported in the auto body repair industry, where it
has also been significantly associated with self-
reported skin exposure (Redlich et al., 2001). To-
gether, with extensive use of air supply respirators/
engineering controls, and available air sample data
during similar Air Force paint operations, the present
findings further support skin as an important route of
occupational isocyanate exposure (LaPuma and
Bolch, 1999; LaPuma, 2001; Streicher et al., 2002).
The findings in this report should be interpreted with

an understanding of the practical obstacles that com-
monly hinder such occupational investigations. First,
exposure assessment was based on questionnaire data,
rather than quantitative measurements, which was be-
yond the scope of this project, and would have been
prohibitively expensive and time consuming. While
historical isocyanate air sampling data were available
for this AFB, and documented HDI concentrations typ-
ically well below the OSHA PEL, the task-based na-
ture of the data limited direct comparison of airborne
exposure levels between different subgroups of work-
ers (e.g. 309th MXW versus the 388th FW). For isocy-
anate skin exposure, quantitative methods remain
unvalidated and impractical, necessitating reliance on
more qualitative estimates, such as that obtained
through self-report questionnaire, as used here. Thus,
while elevated HDI-IgG titers were associated with
specific jobs and self-reported skin exposure, it was
not possible to define dose–response relationships, or
to know for sure whether the response resulted from
airborne exposures, skin exposures, or both. Epidemi-
ology studies that incorporate quantitative individual
and area, air and skin exposure estimates (e.g. includ-
ing urine metabolites and serum adducts), will be
needed to better define dose–response relationships
and the contribution of isocyanate skin exposure. The
potential influence of factors other than exposure
(genetics, environmental co-exposures), on the human
IgG response to HDI, as with other antigens, will likely
require further empirical investigation.
Other ‘real-world’ limitations of the present inves-

tigation include the cross-sectional nature of the

study, the relatively small number of participants,
and uncertainty regarding what fraction of each
group of workers (e.g. F-16 or C-130 Painters) par-
ticipated; thus, we cannot assess how representative
the findings are of the larger group of workers at Hill
AFB. Selection biases related to study recruitment
and participation could also have influenced results;
however, our experience is that workers that practice
better industrial hygiene are typically more likely to
participate, possibly leading to an underestimate of
isocyanate exposures in the larger workforce or
industry. Finally, the study was focused on evaluat-
ing the practical utility of using HDI-IgG as
a biomarker of isocyanate exposure in a group of
healthy Air Force workers, and not at identifying
health outcomes. The impact of immune-based ex-
posure surveillance on disease prevention will
require further investigation.
In summary, we applied an immunologic assay,

based on HDI-specific serum IgG responses, to
biomonitor HDI exposure at a major US aircraft
maintenance facility. The assay is particularly appli-
cable for detecting unsuspected or difficult to quan-
titate exposures, such as skin exposure, or sporadic,
variable airborne exposures, that can easily be
missed by current air sample-based exposure surveil-
lance approaches. The technique may also be useful
for evaluating the efficacy of PPE. Thus, isocyanate
IgG biomonitoring may complement current isocya-
nate exposure monitoring, and provide supplemental
guidance for industrial hygiene efforts. The ap-
proach may also be useful to monitor potential isocy-
anate exposures in other settings, or exposure to
other chemical allergens.

CONCLUSIONS

The findings highlight the practicality and potential
utility of using isocyanate-specific IgG responses as
an exposure biomarker. Isocyanate IgG biomonitoring
may help identify exposure via skin, or other sources
not detected by current air monitoring methods, and
should help focus and improve current industrial
hygiene efforts. The data further suggest that skin
exposure may contribute to immunologic sensitiza-
tion and thus may represent a critical component of
isocyanate industrial hygiene efforts toward asthma
prevention.

SUPPLEMENTARY DATA

Supplementary data can be found at http://annhyg.
oxfordjournals.org/.
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The present finding that 23% of the subjects had
elevated HDI-IgG titers, despite extensive industrial
hygiene efforts and use of PPE, challenges common
perceptions regarding the effectiveness of such
practices and current air monitoring approaches of
surveillance. However, the findings are consistent
with limited, but not widely appreciated, data on
auto body spray painters, demonstrating isocyanate
exposure underneath nitrile gloves, respirators, and
protective clothing (Bello et al., 2008). Notably,
the prevalence and titer of HDI-IgG among aircraft
workers in the present study is similar to that re-
ported in the auto body repair industry, where it
has also been significantly associated with self-
reported skin exposure (Redlich et al., 2001). To-
gether, with extensive use of air supply respirators/
engineering controls, and available air sample data
during similar Air Force paint operations, the present
findings further support skin as an important route of
occupational isocyanate exposure (LaPuma and
Bolch, 1999; LaPuma, 2001; Streicher et al., 2002).
The findings in this report should be interpreted with

an understanding of the practical obstacles that com-
monly hinder such occupational investigations. First,
exposure assessment was based on questionnaire data,
rather than quantitative measurements, which was be-
yond the scope of this project, and would have been
prohibitively expensive and time consuming. While
historical isocyanate air sampling data were available
for this AFB, and documented HDI concentrations typ-
ically well below the OSHA PEL, the task-based na-
ture of the data limited direct comparison of airborne
exposure levels between different subgroups of work-
ers (e.g. 309th MXW versus the 388th FW). For isocy-
anate skin exposure, quantitative methods remain
unvalidated and impractical, necessitating reliance on
more qualitative estimates, such as that obtained
through self-report questionnaire, as used here. Thus,
while elevated HDI-IgG titers were associated with
specific jobs and self-reported skin exposure, it was
not possible to define dose–response relationships, or
to know for sure whether the response resulted from
airborne exposures, skin exposures, or both. Epidemi-
ology studies that incorporate quantitative individual
and area, air and skin exposure estimates (e.g. includ-
ing urine metabolites and serum adducts), will be
needed to better define dose–response relationships
and the contribution of isocyanate skin exposure. The
potential influence of factors other than exposure
(genetics, environmental co-exposures), on the human
IgG response to HDI, as with other antigens, will likely
require further empirical investigation.
Other ‘real-world’ limitations of the present inves-

tigation include the cross-sectional nature of the

study, the relatively small number of participants,
and uncertainty regarding what fraction of each
group of workers (e.g. F-16 or C-130 Painters) par-
ticipated; thus, we cannot assess how representative
the findings are of the larger group of workers at Hill
AFB. Selection biases related to study recruitment
and participation could also have influenced results;
however, our experience is that workers that practice
better industrial hygiene are typically more likely to
participate, possibly leading to an underestimate of
isocyanate exposures in the larger workforce or
industry. Finally, the study was focused on evaluat-
ing the practical utility of using HDI-IgG as
a biomarker of isocyanate exposure in a group of
healthy Air Force workers, and not at identifying
health outcomes. The impact of immune-based ex-
posure surveillance on disease prevention will
require further investigation.
In summary, we applied an immunologic assay,

based on HDI-specific serum IgG responses, to
biomonitor HDI exposure at a major US aircraft
maintenance facility. The assay is particularly appli-
cable for detecting unsuspected or difficult to quan-
titate exposures, such as skin exposure, or sporadic,
variable airborne exposures, that can easily be
missed by current air sample-based exposure surveil-
lance approaches. The technique may also be useful
for evaluating the efficacy of PPE. Thus, isocyanate
IgG biomonitoring may complement current isocya-
nate exposure monitoring, and provide supplemental
guidance for industrial hygiene efforts. The ap-
proach may also be useful to monitor potential isocy-
anate exposures in other settings, or exposure to
other chemical allergens.

CONCLUSIONS

The findings highlight the practicality and potential
utility of using isocyanate-specific IgG responses as
an exposure biomarker. Isocyanate IgG biomonitoring
may help identify exposure via skin, or other sources
not detected by current air monitoring methods, and
should help focus and improve current industrial
hygiene efforts. The data further suggest that skin
exposure may contribute to immunologic sensitiza-
tion and thus may represent a critical component of
isocyanate industrial hygiene efforts toward asthma
prevention.
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