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This study, part of the Survey of Painters and Repairers
of Auto bodies by Yale (SPRAY), evaluated the effectiveness
of respiratory protection against exposure to aliphatic poly-
isocyanates. A total of 36 shops were assessed for respi-
ratory protection program completeness; 142 workers were
measured for respirator fit factor (FF) using PortaCount
Plus respirator fit tester. Twenty-two painters from 21 shops
were sampled using NIOSH method 5525 to determine the
workplace protection factor (WPF) of negative pressure, air-
purifying half-facepiece respirators equipped with organic
vapor cartridges and paint prefilters during spray-painting and
priming activities. Only 11 shops (30%) had written respiratory
protection programs. Eighty percent of all fit tested workers
passed the test on the first try with FF ≥ 100, and 92% passed
the second test after respirator use training. Overall geometric
mean (GM) FF was 1012 for all fit tested workers. Significant
differences on pass rate (92% vs. 72%) and on FF (1990
vs. 736) were found between previously fit tested workers vs.
nontested workers. Twenty-nine WPF samples were collected.
The outside facepiece GM concentration of total isocyanate
group (NCO) was 378.4 µg NCO/m3 with 96% concentrations
exceeding the U.K. short-term exposure limit, 70 µg NCO/m3,
but no in-facepiece concentrations exceeded the limit. The GM
WPF of total NCO was 319 (GSD 4) and the 5th percentile
was 54. WPF of total NCO was positively correlated with
the duration of painting task. FF positively correlated with
WPF when FF was ≤450 but negatively correlated with WPF
when FF was >450. We conclude that negative pressure, air-
purifying half-facepiece respirators equipped with organic va-
por cartridges and paint prefilters provide effective protection
against isocyanate exposure in spray and priming operations
if workers are properly trained and fitted.

Keywords aliphatic polyisocyanates, hexamethylene diisocyanates
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vey of painters and repairers of auto bodies by Yale
(SPRAY), workplace protection factor
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A
utobody shops (collision industry or autobody
repair and refinishing industry) are small busi-
nesses that are typically privately owned and
geographically dispersed, with nonuniform work

structures and practices.(1) They often lack resources for ade-
quate engineering controls and complete respiratory protection
programs.(2) In the United States, there are about 35,569 auto-
body facilities that are scattered throughout population centers,
employing an estimated 168,000 to 205,000 workers.(3,4)

Workers in this industry are exposed to a variety of respiratory
hazards, including particles from sanding and body filling
(bondo work); metals from cutting, grinding, and welding
during body frame repair; volatile organic compounds from
paints; and isocyanate vapor and aerosols from spray painting
and priming operations.(2,5,6)

Isocyanates used in autobody shops are aliphatic or alicyclic
polyisocyanates based most often on hexamethylene diiso-
cyanate (HDI), and less commonly on isophorone-diisocyanate
(IPDI) or occasionally dicyclohexylmethane 4,4-diisocyanate
(HMDI), (7) all of which also contain small amounts (typically
<1%) of the respective monomers.(7,8) Although mixtures are
common during spray painting, the monomer is expected to
be largely in the vapor phase whereas polyisocyanates are
predominantly in the aerosol phase.(9) In the filtration process
of a negative pressure, air-purifying half-facepiece respirator,
aerosol particles/droplets in the inspired airstream are removed
by the paint prefilters in front of the respirator. The vapors
are removed primarily by packed activated carbon bed in the
cartridges. The extent of aerosol vaporization after collection
on respirator prefilters is unknown.

HDI, IPDI, and other diisocyanates are highly reactive
chemicals that can cause occupational asthma in various
settings including autobody shops.(10−17) Isocyanate asthma
can persist even after removal from workplace exposure.(18,19)

Therefore, control of isocyanate exposure through engineering
measures and the use of respiratory protective equipment
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are important preventive measures. In the United States,
the Occupational Safety and Health Administration (OSHA)
requires small businesses like autobody shops to provide
respirators to reduce employee exposure to respiratory hazards
when engineering and administrative controls are not feasible
or effective.(20) Fit testing before the use of a respirator and at
least annually thereafter is an integral part of such a respiratory
protection program.(21)

For a respiratory protection program to be effective, ap-
propriate types of respirators must be selected based on the
evaluation of hazards in the workplace and the identification
of relevant workplace and user factors.(21) Factors to consider
in the autobody repair industry include (a) the type of spray
booth used that may affect exposure levels, or (b) the presence
of facial hair at the edge of the respirator face seal that may
interfere with the respirator fit. An important criterion in
selecting respirators is the assigned protection factor (APF)
established by the National Institute for Occupational Safety
and Health (NIOSH) in its respirator decision logic.(22) How-
ever, the NIOSH AFP is mostly based on fit factor (FF)
results from quantitative laboratory fit testing,(23) whereas in
the workplace, many factors may affect actual effectiveness.
Thus it is important to evaluate the performance of respirators
in the work environment to determine the actual workplace
protection factor (WPF).(24) Depending on the type of work
environment and hazards, the WPF can vary considerably
within and between workers(23) or among respirator types.(25)

Workplace performance testing with negative pressure,
air-purifying half-facepiece respirators has been conducted
in various work environments,(26−31) but few studies have
been carried out to evaluate the performance of respirators in
autobody shops against exposures to HDI vapor and aerosol.(32)

Laboratory simulation testing with organic vapor respirator
cartridges has suggested that no breakthrough would occur
after 25 to 40 hours of cartridge exposure to challenge
concentrations of HDI below 50(33) or 105 ppb(34) in the
presence of organic solvents. Field testing in autobody shops
is needed. In addition, little has been reported on the fit testing
pass rate and fit factors for autobody shop workers, although
limited testing from earlier NIOSH studies indicated poor fit
and inappropriate respirator usage.(2,35)

In recent years, the U.S. Environmental Protection Agency
(EPA) has been actively regulating polyisocyanate components
of automotive refinishing paints and coatings through the
New Chemicals Program,(35) and the OSHA regional office
in Bridgeport, Connecticut, established a local emphasis
program, including required respiratory protection, to reduce
workplace health hazards associated with autobody shop
work.(36) Additionally, a voluntary program called Product
Stewardship Partnership was initiated by members of paint
manufacturers, EPA, OSHA, NIOSH, and automotive repair
associations to help autobody shops formulate a control
strategy matrix that guides the selection of specific respiratory
protection to be used with particular spray-painting booths.(35)

It is not clear what impact these initiatives have had on
respiratory protection in this industry.

Our group has conducted a cross-sectional study, Survey
of Painters and Repairers of Auto bodies by Yale (SPRAY).
Comprehensive strategies were utilized to evaluate airborne
exposure to HDI polyisocyanates(37) assess the effect of shop
factors, painting activities, engineering controls, and other
determinants on airborne exposure(38) and determine the der-
mal contribution to total isocyanate exposures.(7) A final risk
analysis is being conducted using personal isocyanate exposure
indices modeled on exposure determinants. Respirator use,
in theory, will modify individuals’ airborne exposure to a
significant extent and its effectiveness needs to be evaluated.

This study was therefore part of the overall SPRAY expo-
sure assessment protocol with specific objectives to: (a) assess
the respiratory protection programs in use in this industry,
(b) evaluate respirator fit and identify its determinants, and
(c) measure workplace performance of negative pressure,
air-purifying half-facepiece respirators, and (d) evaluate the
relationship of FF from PortaCount Plus respirator fit tester
and WPF from isocyanate exposure measurements. The WPF
developed in this study can be used both to model daily personal
exposures to isocyanates, and to facilitate exposure control in
this industry.

MATERIALS AND METHODS

Shop and Worker Selection
Details on shop and worker selection have been described

elsewhere.(1,37,38) All workers in selected shops in the New
Haven, Conn., vicinity, including painters, body repair tech-
nicians, and office workers were eligible to participate in the
SPRAY health evaluation and overall exposure assessment.
The Human Investigation Committee at Yale University ap-
proved the study. Written informed consent was obtained from
all subjects and shop owners.

Respiratory Protection Program Survey
Information from the owner/manager on annual gross

income; total numbers of full-time and part-time employees;
weekly number of cars or parts repaired; brands and quantities
of paints and isocyanate hardeners used; type of spray booth
and gun used; and type of personal protective equipment used,
such as respirators, gloves, and paint suits was collected.
Supplementary questions were addressed to painters if not
answered by the manager. Questions pertaining to the respira-
tory protection program included whether a written program
was established in the shop, if employees were trained to use
respirators, if medical screening was provided for respirator
users, and if any fit testing had been previously conducted.
Information on the type, brand, coverage and cartridges of
various respirators currently provided for spray painting,
priming and body repairs, was collected both by interview and
direct observation.

Respirator Selection and Fit Testing
Respirators selected for fit testing were the negative pres-

sure, air-purifying half-facepiece respirators from Survivair
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(SAS, Santa Ana, Calif.) and 3M Company (St. Paul, Minn.),
equipped with organic vapor cartridges and paint prefilters
(N95 from SAS; P95 from 3M), because these were the two
major respirator types used in most shops for painting or
priming. They were also used with P100 (or HEPA) filters
for welding, sanding, and cutting tasks. In the selected shops,
all participating workers who regularly used respirators in their
work were fit tested. The testing was performed using the TSI
PortaCount Plus respirator fit tester (model 8020, TSI Inc.,
Shoreview, Minn.); workers wore their own respirators. If a
worker’s own respirator was not available, a respirator of the
same brand was provided by the study. The P100 (HEPA) filters
and the respirator adaptors used for quantitative fit testing were
purchased from the same manufacturers. Adaptors were placed
in between the half facepieces and the P100 filters during
quantitative fit testing. The brass probe from the adaptor was
inserted through one of the inhalation valves and was placed in
the approximate center of the respirator, above the exhalation
valve and between the cartridge holders (see Figure 1).

The test protocol was based on those in the OSHA
respiratory protection standard(21) and the American National
Standard Institute (ANSI) method.(39) Since our protocol
was selected before the new OSHA respirator standard was
promulgated, FFs were measured when workers performed
the following six (rather than current eight required) exercises:
normal breathing (NB1), deep breathing (DB), moving head
side to side (SS), moving head up and down (UD), talking
(TK: reading the rainbow passage aloud or counting numbers
backward if the subject did not read English), and normal
breathing (NB2). The PortaCount Plus respirator fit tester
automatically calculated a FF for each exercise and the overall

testing using the following pre-determined equation:(40)

Overall FF = 6/[(1/NB1FF) + (1/DBFF) + (1/SSFF)

+ (1/UDFF) + (1/TKFF) + (1/NB2FF)] (1)

A level of 100 or above as the overall FF was considered pass-
ing consistent with the requirement in the OSHA Respiratory
Protection Standard.(21) The first test was conducted without
any training. If a worker failed the test on first try, training was
provided on the proper use of respiratory protective devices.
The worker was instructed to retighten the respirator or could
select a different size respirator. The quantitative fit test was
then repeated. This protocol was consistent with that used in
earlier NIOSH investigations.(2) The goal was for all workers
to achieve an adequate fit unless facial hair or other anatomic
reasons prevented it. The actual FFs (each step and overall) and
final pass/fail grade were recorded. Fit testing was conducted
before respirator workplace performance samples were taken.

WPF Sample Collection
WPF testing was performed using workers’ own half-

facepiece respirators and N95 (or P95) prefilters if the face-
pieces were the reusable type that had detachable cartridges.
Some workers also used the disposable type (exclusively from
the 3M Company) in which the cartridges could not be detached
from the facepiece. In-facepiece sampling was therefore not
feasible for the disposable facepiece. In this case, we provided
the reusable respirator facepiece of the same brand and size
with organic vapor cartridges and paint prefilters for WPF
testing.

FIGURE 1. In-facepiece air sampling setup. The frontal view shows the mounting and connection of the respirator adaptor and Delrin cassette.
The posterior view shows the location of in-facepiece sampling probe.
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The sampling protocol to determine outside facepiece
concentrations was based on the overall SPRAY exposure
assessment strategy. Breathing zone air samples were collected
at 2 L/min using an IOM inhalable sampler (SKC, Eighty
Four, Pa.) attached on lapel and Gilian (Wayne, N.J.) personal
sampling pumps calibrated before and after sampling with a
DryCal DC-Lite primary flowmeter (Bios International Co.,
Pompton Plains, N.J.). IOM samplers with stainless steel cas-
settes were loaded with 25-mm quartz fiber filters impregnated
with 500 µg of 1-(9-anthracenylmethyl)piperazine (MAP).(41)

Filters still inside their stainless steel cassettes were transferred
immediately after sampling to a jar containing 10 mL of a
solution of 1 × 10−4 M MAP in acetonitrile. All samples
were stored cold in the field and shipped in cooled containers
to the laboratory for analysis. Additional details on sampling
methods are provided in previous publications.(37,38)

The in-facepiece sampling was conducted using a 25-mm
in-line polyacetal plastic Delrin cassette made by Dupont
(SKC) that contained a single quartz fiber filter pretreated as
described for the general air sampling.(37) The cassette was
mounted to and connected with the respirator adaptor using
two pieces of Teflon tubing with one piece 102 mm long and
6 mm O.D. and the other 25 mm long and 10 mm O.D. There
was also a 76 to 102 mm long and 5 mm O.D. Tygon tubing as
the sampling probe leading from the adaptor into the facepiece
of the respirator as in fit testing (see Figure 1 for setup details).
The Teflon tubing was preferred over Tygon tubing in sampling
in an effort to minimize the loss of isocyanates. A sampling
rate of 2 L/min was chosen based on the protocol from a similar
study in aircraft spray painting.(31)

The WPF sample collection focused on tasks that had direct
contact with isocyanate-containing products, namely, priming
(or undercoat), sealer coating (to replace priming or cover the
primer coat), and clear coating (top coat). Base coating (color
coating or painting) was not sampled because no isocyanate-
containing hardeners were used in most shops during our study.
Priming was largely conducted on the shop floor outside the
booth or inside a prep station (plastic curtain enclosures with
mechanical ventilation) by body repair technicians, whereas
painting was mostly done inside a spray booth by painters.
Further description of autobody shop tasks is available from a
previous publication.(38)

Once a worker was ready to paint inside a booth or to
prime on the shop floor, both sampling pumps were turned on.
Workers were asked to keep wearing the respirator between
coats during their painting/priming tasks. If the worker had to
take off the respirator for a break or to refill, the pumps were
put on “hold” position. Sampling resumed after the respirator
was put back on. Sampling duration covered the total spray
time needed to finish a whole coating layer (1 coat for sealing,
1–5 coats for priming, and 2–3 coats for clear coating, all of
which took from 3–38 min).

For each sample taken, information was also collected
on the task activity (painting or priming), quantity of paints
used, reducer and isocyanate hardeners added and their mixing
ratios, painted (primed) area of the car, duration of the task and

sampling, type of respirators used, and ventilation conditions
in the booth or on the shop floor.

For logistic reasons, we were not able to collect in-facepiece
samples for positive pressure half-face or full-face respirators,
such as supplied-air respirators, and for N95 disposable dust
masks. These respirator types were used less commonly than
those reported here (see below). We were also not able to collect
in-facepiece samples for the disposable type of facepieces
in negative pressure, air-purifying respirators with organic
vapor cartridges and paint prefilters, but we assumed their
performance would be similar to the reusable facepieces.

Sample Analysis
Isocyanate concentrations were quantified as HDI monomer

(HDI), HDI polyisocyanates (pHDI), and IPDI polyiso-
cyanates (pIPDI) from the same sample using NIOSH method
5525(41) and an Agilent HP1100 HPLC system with Agilent
Chemstation software as described previously.(42,43) Exposure
units were expressed as reactive isocyanate group mass, from
hereon referred to as the NCO mass (µg). The µg NCO was
used for HDI, pHDI, and pIPDI. The total µg NCO was the
sum of HDI, pHDI, and pIPDI. The advantages for using this
unit and factors for converting from NCO to the bulk product
mass or the monomer mass have been discussed previously.(8)

The assigned limit of detection (LOD) for the method was 4 ng
NCO for HDI and 5 ng NCO for pHDI and pIPDI. For samples
reported as at or below LOD, the actual assigned LOD values
were used and divided by the sample air volumes to obtain the
concentrations, which were then used in the statistical analysis.
The LOD rather than 1/2 LOD was used to provide the most
conservative estimates of protection factor, since most LOD
values were inside the respirators. Because pIPDI was not used
in 40% paints sampled, WPF for pIPDI was calculated only
for those samples when pIPDI was actually present in the paint
being used. Also for the total NCO calculation, pIPDI LOD
was used only if the paint contained pIPDI.

Statistical Analysis
An average FF was obtained from the PortaCount Plus

respirator fit tester for each worker. Fit test pass rate (%)
was calculated as the number of workers passing the minimal
FF of 100 on any test divided by total number of workers
tested times 100. WPF was calculated as the outside-facepiece
concentration (Co) divided by in-facepiece concentration (Ci).
WPF was calculated separately for HDI, pHDI, pIPDI, and
total NCO. Samples from the same worker were treated as
independent samples as was the common practice in WPF
studies.(23)

Statistical analysis was performed using Statistical Anal-
ysis System (SAS) software (version 8.12, SAS Institute).
Descriptive statistics were obtained and Co, Ci, FF, and
WPF data checked for normality using Shapiro-Wilk test
and log probability plots. Outside and in-facepiece isocyanate
concentrations, FF and WPF were normally distributed after
log transformation. Therefore, statistical testing was performed
on log-transformed data.
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Fit test pass rates were assessed by the Chi-Square test
and FFs evaluated by the analysis of variance (ANOVA)
among personal characteristics, such as job category, gen-
der, race, smoking status, education, and years working in
autobody repair industry. The two-sample t-test was used
to compare isocyanate concentrations and WPFs between
clear coating and priming/sealer coating tasks, and between
3M and SAS respirator brands. A Pearson’s correlation
analysis was performed among the WPFs of all isocyanate
types, and between the WPF of total NCO and the duration
of painting. A random effects model was used to analyze
the WPF variability within and between workers (respirator
wearers).

To see if FF was a significant predictor of WPF, we matched
FF measurements on 22 wearers with 28 WPF estimates from
these workers, and conducted a regression analysis. One WPF
sample (Worker 36 in Shop 5) did not have the FF and was
excluded from this analysis. A visual inspection of the data
indicated that a linear fit would be unsatisfactory as the log
WPF increases and then decreases with increasing log FF. The
broken stick regression was used instead, which is an example
of a regression spline. A spline fit permits a more flexible fit
to the data than allowed by regular regression by letting the
slope vary at certain points on the predictor scale called knots.
A number of different models were fit as various values of
the break point were investigated. A knot of 450 [log (450)
approximately = 6.1] was selected as giving the best fit using
R2 (about 34%) as a fit criterion. Once the knot was determined,
a repeated measures regression was used to adjust for the repeat
WPFs for 7 wearers. The SAS PROC REG was used as the first
pass to obtain the “approximate” R2, and to look at p-values
for a standard regression. The SAS GENMOD procedure was
then used to take into account nonindependent replicates. A
repeated-measure adjustment was made for the fact that the
fit factors were used repeatedly. This gave a better estimate of
standard error for the regression estimates. The intercept was
set at 0.

RESULTS

Respirator Use and Protection Program
in Autobody Shops

As briefly reported in a previous article,(38) 37 autobody
shops participated in the SPRAY study; one shop did not use
the isocyanate hardeners during the survey week, therefore, the
respirator data from this shop was excluded. Table I presents the
details of respirator types provided and protection programs in
place from 36 shops. A total of 32 shops provided workers with
negative pressure air purifying, half-facepiece respirators for
some task or tasks. The percentages do not add up to 100%
because more than one brand of respirators was provided in
some shops. For the 3M brand, more disposable-facepiece
respirators (28 shops, 78%) were provided than reusable ones
(10 shops, 28%). For the SAS brand, more reusable facepieces
(24 shops, 67%) were provided than disposable ones (3 shops,
8%). However, SAS disposable facepieces were not used

TABLE I. Respirators Used and Respiratory Protec-
tion Program in Autobody Shops (N = 36)

Number
of Shops (%)

Painting and priming respirator
3M OV/P95A reusable 10 (28)
3M OV/P95 disposable 28 (78)
SASB OV/N95C reusable 24 (67)
SAS OV/N95 disposable 3 (8)
Other brandsD 23 (64)

Supplied-air respirator usage for
painting and priming

3M 14 (39)
SAS 2 (6)
Other 7 (19)

Non-painting-task respirator
3M reusable OV/P100E 3 (8)
3M disposable OV/P100 1 (3)
SAS reusable OV/P100 1 (3)
3M N95 dust mask 11 (30)

Written respirator protection program 11 (30)
Employees trained to use respirator 19 (53)
Fit testing ever conducted 15 (42)

AOV/P95: Organic vapor cartridges and P95 oil-proof particle prefilter.
B SAS: Survivair System.
C OV/N95: Organic vapor cartridges and N95 nonresistant to oil particle
prefilter.
DOther brands: Including MSA, Binks, etc. (refer to text for more details).
E OV/P100: Organic vapor cartridges and oilproof, high-efficiency particulate
air prefilter.

during our study; only disposable half-facepiece respirators
with organic vapor cartridges and paint prefilters from 3M
were used. Out of 36 shops, 23 (64%) also had one or
more other respirator brands in their shops for painting and
priming. These brands included MSA, Wilson, North, Binks,
AO Safety, Gerson, and Sata. Although these respirators were
available in the shops, most were rarely used. By report, shops
selected specific respirator brands largely based on individual
shop preference and manufacturers’ representative (supplier)
recommendations.

For nonpainting tasks, such as sanding, grinding and
welding, only 5 shops (14%) provided negative pressure,
air-purifying half-facepiece respirators equipped with P100
(HEPA) filters. N95 dust masks were provided in 11 shops
(31%). These masks were exclusively manufactured by 3M
Company.

The type of supplied-air respirators (SAR) provided in
shops is also presented in Table I. Of 36 shops, 23 shops
(64%) provided SAR for painting (20 shops, 56%) and priming
(3 shops, 8%). 3M was the major supplier of SAR. Actual
use of SAR, however, was observed only in 11 (30%) shops
during our survey time.(38) The most common stated reason
that painters did not use SAR was that the airline hoses were
cumbersome.
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A written respiratory protection program was reported
in 11 shops (30%); 19 shops (53%) had their employees
trained to use respirators; and 15 shops (42%) had previously
conducted fit testing for their employees. No medical screening
or respirator maintenance program was provided in any of these
shops.

Demographics of Study Subjects
A total of 266 workers participated in the SPRAY study,

of which 142 reported routinely using a negative pressure,
air-purifying half-facepiece respirator in their work. These
workers were selected for fit testing. The other 124 workers
were either office workers or those who did not use respirators
for their work, such as workers doing detailing or tow truck
driving. Twenty-two of the 142 workers with fit testing also
participated in the WPF testing. Table II shows that the two sub-
sets of the total population (FF testing and WPF testing) were
comparable with regard to age, race, educational background,
smoking status, and years working in the autobody repair and
refinishing industry, similar to our prior findings.(1) However,
unlike fit testing, WPF testing was conducted primarily with
painters (95%) with only one body technician whose priming
task was evaluated.

TABLE II. Demographics of Workers with Respirator Fit Testing and WPF Testing

Fit Testing WPF Testing
N = 142A N = 22

nB (%) nB (%)

Age
Mean (SD)C 37.1 (10.8) 35.8 (7.1)

Race
Caucasian 108 77 18 82
Hispanic-American 24 17 4 18
African-American 8 6 0 0

Education (years)
Less than 12 years 30 21 4 18
Graduated high school 74 52 14 64
Technical/associate or some college 32 23 3 14
College degree or more 6 4 1 4

Smoking
Yes 60 42 9 41
No 82 58 13 59

Job category
Painter 44 31 21 95
Technician 87 61 1 5
Office worker 11 8 0 0

Years in industry
Mean (SD) 17.9 (10.4) 19.0 (7.3)

AN = number of total workers in each testing type.
B n = number of workers in each category.
C SD = standard deviation.

Fit Factors (FF)
Pass rate and FF of negative pressure, air-purifying half-

facepiece respirators are presented in Table III. Out of 142
workers tested, 113 (80%) passed the test on the first try
and 29 (20%) failed. Reasons for failing were: inappropriate
donning and loose fitting facepiece (N = 17, 59%); thick
beard and facial hair at the facepiece sealing edge (N = 9,
31%); and wrong respirator size (N = 3, 10%). Of those
who failed on the first try, 23 (including 3 of the 9 failed
with facial hair) were retested after training, redonning, and
tightening of the respirator, or the choice of another respirator
size. Eighteen workers (78%) passed the second test. Of the
five failing the second test, three were those with facial hair
who failed the first time. The other two still had a loose
fit on the second try. Overall, 92% of workers passed after
the first and second tests. The pass rate on first try was
significantly higher (p = 0.04) for workers who reported to
have been fit tested on a previous occasion (92%, N = 53) vs.
those without previous testing (72%, N = 86). No statistically
significant difference in pass rate was observed with other char-
acteristics such as job category, gender, race, smoking status,
education level, years employed in the industry, or respirator
brand.
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TABLE III. Fit Test Pass Rate and Fit Factor of Negative Pressure, Half-Facepiece Respirators by Personal
Characteristics

Fit Test Pass Rate Quantitative Fit FactorA

NB nC (%) GMD GSDE

Total 142 113 80 1012F 10.6
Job Category

Painter 44 37 84 1033 9.2
Technician 87 67 77 988 11.5
Office worker 11 9 82 1128 10.8

Gender
Male 141 112 79 996 10.6
Female 1 1 100 10100 —

Race
Caucasian 108 89 82 1033 9.8
Hispanic-American 24 16 67 884 15.4
African-American 8 7 88 1422 8.2

Current Smoking
Yes 60 49 82 1037 10.0
No 82 64 78 995 11.0

Education
Less than 12 years 30 24 80 1279 15.6
Graduated high school 74 60 81 1011 10.0
Technical/associate or some college 32 24 75 764 8.7
College degree or more 6 5 83 1431 10.7

Years in Industry
<2 10 6 60 848 16.5
≥2 132 107 81 1026 10.3

Respirator Brand
3M 70 55 78 1093 9.7
Survivair 71 57 80 934 11.8

Previous Training
Yes 88 72 82 1145 10.6
No 45 34 76 989 10.3

Previous Fit Testing
Yes 53 49 92∗ 1990∗ 7.3
No 86 62 72 736 11.8

Note: Dash represents not applicable.
AFit factor from TSI PortaCount respirator fit tester: 100 or above indicated a pass and below 100 indicated a failure.
B N = total number of workers tested.
C n = number of workers passing the first test.
DGM = geometric mean.
E GSD = geometric standard deviation.
F GM FF for all workers tested.
∗p < 0.05 comparing FFs between those previously fit tested and those never tested.

Overall geometric mean (GM) FF for all workers tested was
1012. Previously fit tested workers had significantly higher FF
than workers who had never been tested before (1990 vs. 736,
p = 0.015). No other characteristics were found to significantly
affect the FF.

It is worth noting, however, that Hispanic workers; workers
new in the industry (<2 years); and those with technical school,
associate, or some college education showed a lower (but
nonsignificant) pass rate and FF. Also noted were the high

geometric standard deviations (GSDs) of FF for all categories,
especially for those workers new to the industry and with
less than 12 years of education, which was due to the high
variability of FF between workers.

Outside-Facepiece Exposures
A total of 22 workers from 21 shops contributed 29

pairs of WPF samples using the reusable negative pressure,
air-purifying half-facepiece respirator with organic vapor
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cartridges and paint prefilters. All workers in the WPF testing
passed the fit test.

The outside-facepiece air samples were a subset of the
total 380 air measurements conducted for the SPRAY study.
Individual concentrations of HDI, pHDI, pIPDI, and total NCO
are presented in Table IV. The locations of the sampling were
mostly inside spray booths except for two samples from Worker
64 and Worker 134 that were taken on the shop floor during
priming operations. Individual concentrations of isocyanate
species and the total µg NCO/m3 were generally in similar
ranges to those found from the overall SPRAY study.(37)

The full range was from 0.3 to 22.4 µg NCO/m3 for HDI,
50.8 to 3135.0 µg NCO/m3 for pHDI, 31.5 to 2392.7 µg
NCO/m3 for pIPDI, and 51.7 to 5550.0 µg NCO/m3 for total
NCO.

Table V further summarizes the isocyanate species and
their respective outside-facepiece concentrations in compar-
ison with relevant standards or guideline values. Average
levels (GMs) were much higher than those (medians) reported
earlier from the overall SPRAY study.(37) The GM(GSD)
concentration of HDI was only 2.4(3.0) µg NCO/m3,
whereas GMs(GSDs) for pHDI and pIPDI were 302.8(2.8)
µg NCO/m3 and 135.5(2.9) µg NCO/m3, two orders of
magnitude higher, which indicates that pHDI and pIPDI
contributed the most to the total NCO exposure, 378.4(3.0) µg
NCO/m3.

Although U.S. OSHA does not have a permissible exposure
limit for aliphatic isocyanates,(44−45) occupational exposure
limits (OELs) have been promulgated from other organizations
or governments. The NIOSH ceiling limit (10 min) for
HDI monomer, equivalent to 70 µg NCO/m3, was used for
comparison with HDI in Table V. NIOSH does not have
a recommended exposure limit (REL) for pHDI, but the
state of Oregon and Bayer Corporation have promulgated
a short-term exposure limit (STEL, 15 min) for HDI-based
polyisocyanates (biuret and isocyanurate) equivalent to 220 µg
NCO/m3. This was used for comparison with pHDI in Table V
and in the SPRAY study.(37) For pIPDI and total NCO, the
United Kingdom Health and Safety Executive (UK-HSE)
STEL (10 min) of 70 µg NCO/m3 for any isocyanate was used.
Table V shows that no outside-facepiece HDI concentrations
were above the NIOSH HDI monomer ceiling limit; 59% of
pHDI concentrations exceeded the very high Oregon/Bayer
STEL 220 µg NCO /m3, whereas 72% pIPDI and 96% of total
NCO concentrations were above the UK-HSE STEL for any
isocyanate.

Outside facepiece concentrations (GM and GSD) were
higher during clear coating tasks than in priming and sealer
coating tasks with 350.7 (2.8) vs. 149.9 (2.6) µg NCO/m3 for
pHDI and 431.4 (2.9) vs. 175.7 (2.5) µg NCO/m3 for total
NCO. However, due to the small sample size in priming and
sealer coating (N = 5), this difference was not statistically
significant. Concentrations of HDI were similar during both
operations: 2.3 (3.3) vs. 2.5 (2.4) µg NCO/m3. No comparison
was made for pIPDI because some of the clear coating

and most primer paints sampled did not contain any IPDI
component.

In-Facepiece Exposures
The in-facepiece concentrations of HDI, pHDI, pIPDI,

and total NCOs from negative pressure, air-purifying half-
facepiece respirators with organic vapor cartridges and paint
prefilters are also presented in Tables IV and V. Over-
all, in-facepiece concentrations differ from the outside-
facepiece concentrations by several orders of magnitude.
In-facepiece samples at or below the LOD were 83%
for HDI, 31% for pHDI, and 50% for pIPDI. No in-
facepiece concentrations were above their respective OELs or
STELs.

Workplace Protection Factor (WPF)
A total of 29 outside- and in-facepiece respirator sample

pairs were collected to calculate WPFs for HDI, pHDI, pIPDI,
and total NCO. Results appear in Tables IV and VI. WPFs
ranged from 1 to 204 with a GM(GSD) of 17(4) for HDI, from
7 to 9777 with a GM(GSD) of 388(4) for pHDI, from 20 to
1489 with GM(GSD) of 358(3) for pIPDI, and from 9 to 5335
with GM(GSD) of 319(4) for total NCOs.

A comparison of WPF between primer/sealer coating and
clear coating showed no statistically significant difference (p >

0.05), although WPFs [GM(GSD)] were higher in priming and
sealer coating tasks than in clear coating tasks [HDI: 32(3) vs.
15(5); pHDI: 519(6) vs. 365(4); and total NCO: 404(4) vs.
304(4)].

Table VI summarizes the WPFs of HDI, pHDI, pIPDI, and
total NCOs between two major respirator brands, SAS and
3M. No statistically significant difference in WPFs was found
for pHDI, pIPDI, and total NCO. A statistically significant
(p < 0.05) difference was only found for the WPF HDI with
a higher value for 3M brand than the SAS brand [33(3) vs.
8(4)]. Table VI also presents the 5th, 10th, and 50th percentile
estimates of WPFs for the two respirator brands based on
total NCO concentrations. The 5th percentile of WPF estimate
was 45 for SAS and 73 for 3M, both of which are greater
than the ANSI assigned protection factor of 10 for negative
pressure, air-purifying half-facepiece respirators with organic
vapor cartridges. The overall GM WPF for all respirators was
319 (GSD = 4) and the 5th percentile 54.

To determine if facepiece leakage vs. incomplete collec-
tion via respirator cartridges was the cause for respirator
breakthrough, we examined whether the WPF HDI and WPF
pHDI changed proportionally. If so, leakage was suggested.
The result from the Pearson’s correlation analysis showed
that WPF HDI increased positively with the increase of
WPF pHDI with a correlation coefficient of 0.55 (N = 29,
p = 0.0019). The Pearson correlation analysis also showed a
positive correlation between the painting duration (min) and
the WPF total NCO with correlation coefficient at 0.42 (N=29,
p = 0.023).
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TABLE V. Outside- and In-Facepiece Concentrations (µg NCO/m3) of Aliphatic Isocyanates by Isocyanate
Species

Isocyanate 25–75th LODD OELE >OELF

Species NA GMB GSDC Percentile (%) (µg NCO/m3) (%)

CoG HDI 29 2.36 3.1 1.14–5.36 3 70 (NIOSH) 0
pHDI 29 302.78 2.8 137.00–625.78 0 220 (Oregon) 59
pIPDI 18 135.50 2.9 65.10–254.68 0 70 (UK-HSE) 72
Total 29 378.42 3.0 154.16–671.83 0 70 (UK-HSE) 96

CiH HDI 29 0.14 2.6 0.08–0.27 83 70 (NIOSH) 0
pHDI 29 0.78 4.4 0.44–1.50 31 220 (Oregon) 0
pIPDI 18 0.38 4.8 0.16–0.52 50 70 (UK-HSE) 0
Total 29 1.19 4.2 0.68–2.30 0 70 (UK-HSE) 0

AN = number of samples.
B GM = geometric mean.
C GSD = geometric standard deviation.
DLOD (%) = the percentage of samples at or below the assigned limit of detection.
E OEL = occupational exposure limit. The concentrations in NCO were the equivalents of original product mass concentrations.
F Percentage of samples above OEL. For HDI (monomer), the ceiling limit (10 min) of 70 µg NCO/m3 from NIOSH was used; for HDI-based polyisocyanates
(pHDI: biuret and isocyanurate), the short-term exposure limit (STEL, 15 min) of 220 µg NCO/m3 from the state of Oregon and Bayer Corporation was used; for
IPDI polyisocyanates (pIPDI) and total NCO, the STEL (10 min) of 70 µg NCO/m3 for any isocyanate from the U.K. Health and Safety Executive (UK-HSE)
was used.
G Co = outside-facepiece concentration.
H Ci = in-facepiece concentration.

Relationship Between FF and WPF
Figure 2 shows the relationship between FF measurements

from 22 workers and 28 WPF estimates. Up to 6.11 (FF = 450),
as the log FF increased, the log WPF also increased. At around
6.11, however, further increases in log FF were associated
with a decline in log WPF. Both regression coefficients were
statistically significant (p < 0.0001). The resulting regression
equations are:

lnWPF = 1.1272 × lnFF1 (2)

lnWPF = −1.6012 × lnFF2 (3)

TABLE VI. Workplace Protection Factors of Negative Pressure, Air-Purifying Half-Facepiece Respirators with
Organic Vapor Cartridges and Paint Prefilters by Isocyanate Type and Respirator Brand

Total NCOE

5th 10th 50th
Respirator NA

HDIB

GMF (GSD)G
pHDIC

GM (GSD)
pIPDID

GM (GSD) GM (GSD) Percentile Percentile Percentile

SASH 14 8 (4) 268 (4) 196 (4) 208 (4) 45 71 213
3M 15 33∗ (3) 550 (4) 528 (3) 473 (4) 73 106 435
Combined 29 17 (4) 388 (4) 358 (3) 319 (4) 54 80 317

AN = number of samples: for pIPDI, N = 7 for SAS, N =11 for 3M, total = 18.
B HDI = HDI monomer.
C pHDI = HDI polyisocyanates.
DpIPDI = IPDI polyisocyanates.
E Total NCO = total reactive isocyanate group mass.
F GM = geometric mean.
G GSD = geometric standard deviation.
H SAS = Survivair.
∗p < 0.05 comparing two brands by two-sample t test.

DISCUSSION

I n this study, we assessed the respiratory protection programs
in the autobody repair and refinishing industry in the greater

New Haven, Connecticut, area. We evaluated respirator fit and
measured the effectiveness of negative pressure, air-purifying
half-facepiece respirators with organic vapor cartridges and
paint prefilters against exposures to isocyanates during spray
painting and priming operations. A major strength of our study
is the large number of shops and high worker participation
rate. To our knowledge, this is the largest published study
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FIGURE 2. Correlation between log fit factor (lnFF) and log workplace protection factor (lnWPF). The circles indicate the observed values of
lnFF and lnWPF and the solid line is the predicted values from the regression spline. Spline fit allows a flexible fit and the identification of a
breakpoint (lnFF = 6.11, FF = 450). With increasing lnFF, lnWPF increases up to the point of lnFF = 6.11, and then decreases.

to date to evaluate respiratory protection in this setting. The
shops surveyed appear representative of the types in the area
in terms of size, productivity, type of engineering control
measures in place and the respiratory protective equipment
used.

Our study revealed that most shops relied heavily on the use
of respirators. Although engineering controls, such as the use
of advanced downdraft booths for painting and local exhaust
ventilation for paint mixing, can significantly reduce exposures
to isocyanates,(2,37,38) respiratory protection is still needed. In
92% of shops surveyed in this study, priming was performed
outside spray booths with little engineering control. In small
shops where there was no spray booth or shop floor areas were
small, respirator use often provided the only line of protection.
Therefore, full respiratory protection programs that include all
OSHA-required components for respirator selection, training,
annual fit testing, and respirator maintenance are currently
needed in this industry.

Our results suggest that there have been some improvements
in this industry in respiratory protection programs in recent
years based on a comparison with results from earlier surveys
conducted by NIOSH.(2,35) This is reflected in the higher
rate of previous respirator training and fit testing reported by
workers, provision of more than one type of respirator for
different repair tasks, and higher average fit test pass rate
and FFs than in NIOSH studies. Still, half of the shops had
neither provided respiratory protection training to their workers
nor conducted fit testing on their employees; two-thirds of
the shops had no written respiratory protection program
established. Though one-third of the shops reported a written

program, implementation of the full respiratory protection
program was not adequate. No medical screening, respirator
maintenance (cleaning and disinfection), or evaluation of
program effectiveness was observed in any of the shops.
Schedules of cartridge and filter changes were not documented
in shops. From our observation, such change was highly
variable and random, and it appeared cartridges and paint filters
from disposable facepieces were more frequently changed
than cartridges of reusable facepieces. Although OSHA re-
quires small businesses like autobody shops to comply with
respiratory protection regulation, most shops were doing the
protection based on the manufacturers’ recommendations, or
even individual workers’ preferences, rather than based on
mandatory requirements.

Our findings showed that proper training on respirator use
and selection of a correct respirator size can significantly
improve both fit test pass rate and FFs, highlighting the impor-
tance of establishing a full workplace respiratory protection
program. The lower but not statistically significant pass rate
and FF for Hispanic workers warrants further investigation.
Language may be a barrier in training Hispanic workers in
addition to possible difference in facial structure that may
impact respirator fit.(46) Thick facial hair at the edge of the
respirator seal was frequently found as a reason for test failure.
The lower pass rate for new workers may suggest that young
workers were less experienced in using a respirator properly,
received less training in respirator use, or had different facial
structure. Other personal characteristics such as smoking status
or job category were not found to be significant predictors of
fit test pass rate and FF.
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Our fit test methods were consistent with those from
a previous study using the portable TSI PortaCount Plus
respirator fit tester.(40) Quantitative FFs obtained from this
method have been shown to be highly correlated with those
obtained by photometer quantitative fit test system.(40) The
pass rate of 80% in our study is much higher than in NIOSH
surveyed shops in the early 1990s where the pass rate was only
33%,(2,35) and than in another study in South Australia in the
late 1980s where the pass rate was 32%.(47) Poor maintenance
and defects in facepieces were found as main reasons for fit
test failures in these studies. In our study, we provided different
sizes of facepieces for fit testing when workers’ own respirators
did not fit, were not immediately available or they used
the disposable type. Our respirator facepieces were in better
condition, which might have helped increase the pass rate.
However, it may also indicate an improvement in respirator use
in this industry in recent years. Still, 20% of workers did not
pass the first test largely because of inappropriate donning and
loose fitting facepieces. After proper training and the choice
of correct respirator sizes, the pass rate increased to 92%,
suggesting training with proper fit testing is a good tool to
improve respirator fit. This was further exemplified by a higher
pass rate and FF of previously fit tested workers compared to
workers who had never been tested before.

The WPF testing showed that negative pressure, air-
purifying half-facepiece respirators with organic vapor car-
tridges and paint prefilters provided the 5th percentile pro-
tection factor of 54 for total NCO, which is above the ANSI
assigned protection factor 10 for these respirators.(2,39) Ten of
29 samples for HDI monomer showed a WPF value less than
10. However, 83% of in-facepiece samples and 3% of outside
samples were <LOD for HDI monomer, since in general the
paint contained <1% HDI monomer, which had little impact
on overall exposure to total NCO. The number of samples with
WPF HDI < 10 would have been reduced by half if we had used
1/2 LOD for those in-facepiece HDI concentrations that were at
or below the LOD as is the common practice.(48) We did not do
so in order to be more conservative on our WPF estimates. As
described earlier, the recent paint manufacturers’ stewardship
program recommended that respirators with APF ≥ 25, such
as supplied-air respirators, be used for sidedraft booths and
negative pressure, air-purifying respirators with APF ≥ 10
used for downdraft booths.(35) In this study, we found the 5th
percentile of WPF to be 72 for downdraft booths (N = 18)
and 54 for crossdraft or homemade booths (N = 9), which
suggests that negative pressure half-facepiece respirators can
provide respiratory protection that meets the minimal APF
requirements for booth types.

We found no significant difference in WPFs for pHDI,
pIPDI, and total NCO between the two respirator brands. Only
WPFs for HDI monomer, showed significantly higher values
for 3M than SAS brand. Given the small sample size, practical
limitations of the sampling and the various factors that can
impact respiratory protection efficiency, caution is warranted in
interpreting these findings. For example, since we were unable
to sample from the disposable type of 3M facepieces, we had to

substitute a reusable 3M facepiece to perform the WPF testing
and fit testing. It is possible that the cartridge and paint prefilter
efficiency of the reusable respirators we provided differed
from the disposable ones the workers were actually using.
In addition, given the extremely low HDI monomer exposure
levels outside the facepieces, the very small contribution of
HDI monomer to total NCO, and that over 80% of in-facepiece
samples for HDI were at or below LOD for HDI, the practical
importance of the respirator brand difference in WPF HDI
noted is unclear.

The GM WPFs found in our study (total NCO = 319,
HDI = 17, pHDI = 388, and pIPDI = 358) are difficult to
compare with previously reported WPF values using negative
pressure, air-purifying half-facepiece respirators, which are
quite variable, and were determined from a range of exposure
settings, with few studies investigating isocyanate exposures.
They are higher than in a Finland study of autobody shop spray
painters where the WPF (calculated from reported 6 pairs of
inside/outside facepiece concentrations) was 6.4 for HDI and
6.0 for pHDI.(32) They are also higher than those reported
by Spear et al.(27) (mean = 6.5, 5th percentile <0.5) in
a lead smelter study, Weber and Mullins(29) (GM WPF =
39.7) in a styrene environment, and Wu(30) (mean = 2.5) for
benzene soluble fraction of total particulate concentrations in
a coke oven study. They are comparable to values reported by
Lenhart and Campbell (GM WPF = 180, 5th percentile =
18).(49) However, they are much lower than those reported
by Zhuang and Myers(31) in an aircraft spray painting study
where GM WPF ranged from 770 to 10786, and 5th percentiles
were at 171, 437, and 1121 for three half-facepiece respirator
brands, based on the metal masses measured from titanium and
chromium.

As discussed by Nelson,(25) variations of WPFs among
different studies may reflect the differences in filter efficiency,
face-seal leakage, and leakage through respirator defects such
as faulty valves. A combined analysis on data from several
studies by Nelson(25) revealed a GM of 290 and the best
estimate of 5th percentile value as 13 for half-facepiece
respirators.

The air samples for WPF evaluation were taken mainly
during painting activities inside the spray booths with few
outside spray booth priming tasks measured. This led to a
higher overall GM (378.4 µg NCO/m3) and greater percentage
(96%) of total NCO concentrations exceeding the UK-HSE
10 min STEL standard 70 µg NCO/m3 than in the SPRAY
overall study (median=205.5µg NCO/m3, 79% exceeding the
UK-STEL standard).(37) However, none of the inside-facepiece
concentrations of isocyanate species or total NCO was above
the U.K. standard, further confirming the good protection
achieved through the use of a negative pressure, air-purifying
half-facepiece respirator with organic vapor cartridges and
paint prefilters.

A factor that may have affected the estimation of WPF in
our study is the particle size distribution of polyisocyanate
aerosols, and the percentage of lung retention. If all the
isocyanates inhaled were retained by the lungs, then when
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sampling during exhalation, little isocyanate would be col-
lected, and the average in-facepiece concentrations would be
significantly reduced. If none of the polyisocyanates were
retained by the lungs (not likely) then the results would truly
reflect facepiece (and/or filter) leakage. We were not able to
take particle size samples in this study, but previous reports
from other authors suggested that aerosols from spray painting
could have a mass medium aerodynamic diameter (MMAD)
from 2.9 µm to 9.7 µm.(50,51) These sizes of aerosols are in the
range of thoracic particulate mass(52,53) suggesting isocyanate
aerosol particles may deposit in the lungs when inhaled. A
recent study reported that 61–90% of inhaled HDI vapor at
concentrations varying from 5.1–15.2 ppb was retained within
the airways and/or lung parenchyma.(54) The retention rate for
pHDI or pIPDI aerosol is not clear and may impact on their
estimated WPFs.

In this study we used different sampling strategies—
IOM sampler for outside-facepiece concentrations and Delrin
cassettes for in-facepiece concentrations. The IOM sampler
efficiently samples particulate matter up to 100 µm in equiv-
alent aerodynamic diameter that is deposited anywhere in the
respiratory system. Because the Delrin cassettes have a smaller
inlet, and might have collected a lower percentage of large
particles, resulting in possible overestimation of WPF.

Our results on WPFs confirm earlier findings from other
authors that WPFs can vary considerably within and between
respirator wearers and were described by lognormal distribu-
tion parameters.(23) WPF values in our study (Table IV) showed
large variations among participants, isocyanate species, and
within workers for the seven subjects on which duplicate
samples were obtained. In theory, if everything were due to
facepiece leakage, one would expect the same WPF regardless
of the type of outside contaminant. In fact, this is the basis
of using WPF data in our exposure model for SPRAY study.
The positive correlation between WPF HDI and WPF pHDI
supports that the leakage was the main cause of breakthrough.
However, WPF values still varied considerably even for the
same isocyanate type. One reason was that the WPF values
were positively correlated to outside-facepiece concentrations
(for example, r = 0.37, p = 0.0478, N = 29 for WPF pHDI),
which were affected by many workplace factors, such as
amount of NCO used and the type of spray booth in place,
as reported by Woskie et al.(37)

In this study, task duration was also found as a contributing
factor. With increased task duration, WPF was also increased,
which indicates a better respirator seal with longer task
performance, possibly due to the sweat accumulation inside the
facepiece. The age of cartridges at the time of sampling could
also have affected the protection efficiency. Task type may also
be a factor, but the small sample sizes of total WPF sample pairs
for clear coating vs. priming/sealer coating limited our ability
to detect a significant task effect.

The total WPF variation could be partitioned into within-
and between-worker variability, but few studies have tried to
quantify the two variation components. Traditionally WPFs
were aggregated and well described by a two-parameter

lognormal distribution.(23) Nicas and Neuhaus(23) recently
reanalyzed WPF data from seven studies of negative pressure,
air-purifying half-facepiece respirators using a random effects
model and found that the within-wearer component dominated
the between-wearer component. A random effects model
analysis was also performed in this study on the seven worker
pairs of WPF samples. It revealed a larger between-wearer
variability than that within wearers (variance: 0.9663 vs.
0.6391). Our results were limited by the small number of
workers and measurements for each worker.

To estimate personal isocyanate exposures in the SPRAY
epidemiologic study, individual external exposures should be
adjusted for the effect of respirator use as measured by WPF.
However, WPF was not measured for every worker who used
a respirator. An alternative approach is to develop a regression
model between FF and WPF and estimate each worker’s
WPF from their FF measurement. Our regression analysis
showed the relationship was not strictly linear; rather, the WPF
increased with FF to a point and then declined. This could be
because to achieve a very high FF the respirator must be worn
very tightly, and the worker cannot tolerate that tightness in
the hot spray painting environment so he loosens it during the
WPF testing, producing the downward slant of the WPF to
FF relationship. In general, earlier studies found little or no
correlations between FF and WPF measured in the workplace
using the assumption of simple linearity.(23,55,56) It has been
suggested that using FF of 100 or greater was part of the reason
for the poor correlation because that limited the lower end of
the regression line.(56) Later, Coffey et al.(57) used the end-
exhaled air analysis of vapor (Freon-113) instead of aerosol to
determine the WPF and found high correlations between Freon
exposure in the lungs and the protection factor in three of six
fit test methods in a simulated health care environment.

Zhuang et al.(56) recently re-evaluated the relationship
between FF and WPF in a foundry environment and found a
significant linear correlation between the two. The Coffey and
Zhuang studies included poor FF (FF < 100) in the analysis.
On the other hand, there is no particular reason to expect the
relationship between FF and WPF to be linear, since fit testing
is conducted in a short-term controlled situation and the WPF
testing in a longer real-world application. The use of regression
spline analysis in this study enabled us to identify a broken-
stick relationship between FF and WPF, which needs further
evaluation in future research.

Because diisocyanates have poor warning properties and
exposure may cause serious respiratory ailments, NIOSH
recommends powered air-purifying respirators or airline-
supplied-air respirators for spray painting.(35) However, these
respirators are expensive and cumbersome to use. As noted,
supplied-air respirators were only used in a small number
of shops. For technical reasons, we were not able to sample
in-facepiece concentrations which precluded us from esti-
mating the WPF for this respirator type. Recently, OSHA
has clarified that employers may use air-purifying gas and
vapor cartridge respirators (APRs) for hazardous chemicals,
such as isocyanates, as long as appropriate precautions and
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cartridge change schedules are in place.(58) In this study, we
demonstrate that if properly fitted, APRs with paint prefilters
can reduce isocyanate exposures to values less than appro-
priate OELs, which further supports OSHA’s clarification. A
cartridge’s replacement schedule, however, is dictated by its
performance against the organic compounds/solvents within
the coating system, not the isocyanate, because the organic
vapors penetrate through the cartridge/filtering element far
sooner than the isocyanates. This is based on the assumption of
a good respirator fit and the retention of painters’ acute sense
of smell even after working in shops for a while. This needs
to be considered when evaluating the performance of negative
pressure, air-purifying half-facepiece respirators with organic
vapor cartridges and paint prefilters against isocyanates and
establishing cartridge change schedules in shops.

Our study demonstrates that prior fit testing with training
can significantly increase the fit test pass rate and fit factor.
Therefore, it is necessary for shops to provide respirator
use training and fit testing to all workers. There is also a
need to better educate shop owners/managers and workers
on the proper use and necessary care of half-facepiece respi-
rators and set up schedules for cartridge and paint pre-filter
changes. The Product Stewardship Partnership program by
paint manufacturers, EPA, OSHA, NIOSH, and automotive
repair associations allow shops to select correct respirators
based on the type of spray booths in use. To help shops
improve their respiratory protection program and workers
increase their respirator use in painting activities, we have
recently initiated another study, Safe Methods for Autobody
Shop Health (SMASH), in this industry. Various interventions
such as educational training and work practice modification
are being implemented and evaluated that may identify more
effective measures for shops to protect their workers from
exposure to isocyanates and other respiratory hazards.

CONCLUSION

T he autobody repair and refinishing industry remains
heavily reliant on respirator use as the main protection

from isocyanate exposures. Although there has been a general
improvement in this industry, the respiratory protection pro-
grams remain incomplete or missing in some shops. Negative
pressure, air-purifying half-facepiece respirators with organic
vapor cartridges and paint prefilters are the major type in
use for spray painting and priming. About 20% of workers
failed the first fit test on these respirators, due largely to loose
fitting facepiece, wrong respirator sizes and facial hair. With
adequate training and selection of correct respirator sizes,
however, an improved fit test pass rate was achieved and
good protection against isocyanate exposure was obtained.
GM WPF for total NCO using negative pressure air-purifying
half-facepiece respirators with organic vapor cartridges and
paint pre-filters was 319 with GSD at 4 and 5th percentile
value at 54. We conclude that if fit tested appropriately and
worn properly, negative pressure, air-purifying half-facepiece
respirators with organic vapor cartridges and paint prefilters

can provide reasonably effective worker protection against
the whole range of diisocyanate exposures in autobody spray
painting activities.
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