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Comparison of Six Respirator
Fit-Test Methods with an Actual
Measurement of Exposure in a
Simulated Health Care
Environment: Part I — Protocol
Development

Quantitative fit tests (QNFT) have been assumed to be predictive of the protection respirators would

provide to a wearer in the workplace. Workplace studies have consistently found no correlation

between quantitative fit factors and workplace protection factors. This article is the first in a series of

three describing a study designed to compare the fit factors from six QNFT methods against the

actual dose of 1,1,2 trichloro-1,2,2 trifluoroethane (Freon-113) received under the same laboratory

conditions. Five preliminary studies conducted to develop the protocol to assess the respirator

wearer’s dose through end-exhaled air analysis are described in this article: (1) chamber

characterization, (2) end-exhaled air sampling, (3) skin absorption testing, (4) pharmacokinetic

modeling, and (5) subject characterization. It was established that the concentration of corn oil

aerosol and Freon-113 could be generated simultaneously in the chamber. It was ascertained that

the optimum time to sample the exhaled breath was 30 minutes after the subject exited the

chamber. It was also found that in a chamber concentration of 500 ppm, without any respiratory

exposure, Freon-113 was still present in the end-exhaled air. This was attributed to skin absorption.

The end-exhaled air of subjects exposed to 0.5, 3, 5, 25, 50, and 100 ppm (30 minute time-

weighted average) of Freon-113 was evaluated at 30 minutes postexposure. This characterization

was then used to predict the actual dose of Freon-113 received during the method comparison and

validation testing to be described in subsequent articles.

Keywords: exposure measurement, fit factor, quantitative fit test, respirator,

1,1,2 trichloro-1,2,2 trifluoroethane (Freon-113), workplace protection factor

T
he ability to form a reliable seal (i.e., fit)
is an important characteristic of any neg-
ative pressure respirator. To evaluate the
fit characteristics of facepieces, quantita-

tive fit test (QNFT) methods were developed in
the 1960s and the early 1970s.(1–4)

Available QNFT equipment is currently based
on either aerosols or pressure. Aerosol methods
typically use corn oil, sodium chloride, or am-
bient aerosols. A series of exercises designed to

test the amount of inward leakage through the
seal of the respirator’s facepiece are performed.
The air concentration of challenge aerosol in the
facepiece, Cin, and in the chamber outside the
respirator, Cout, is determined. A fit factor is a
quantitative measure of the fit of a particular res-
pirator facepiece to a particular individual. It is
defined under the conditions of quantitative fit-
testing as the ratio Cout/Cin.(5)

A quantitative fit-test method that does not
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use an aerosol as the challenge agent is controlled negative pres-
sure (CNP). The CNP method exhausts air from a temporarily
sealed respirator facepiece to generate and then maintain a con-
stant negative pressure inside the facepiece.(6) Measurement of the
exhaust stream that is required to hold the pressure constant yields
a direct measure of leakage airflow into the respirator.

A fit-test is important for two reasons: (1) it can help ensure
each individual has an adequately fitting respirator; and (2) it can
be useful for training of proper donning procedures.

Quantitative fit-tests have also been used to establish assigned
protection factors (APFs) of respirators.(7) An APF is the minimum
expected workplace level of protection that would be provided by
a properly functioning respirator or class of respirators, to a stated
percentage (typically 95%) of properly fitted and trained wearers.(5)

As they are now established by the National Institute for Occu-
pational Safety and Health (NIOSH), APF values take into con-
sideration the poorest performing models of respirators in the
class. The majority of APF values adopted by the Occupational
Safety and Health Administration (OSHA) and NIOSH were
based on QNFT testing.(8) Using laboratory quantitative fit-tests
to set APF values is based on the assumption that the fit-test re-
sults are good indicators of the protection provided in the work-
place. This view was held until workplace protection factor (WPF)
testing began.

A WPF is a measure of the actual protection provided in the
workplace under conditions of that workplace by a properly func-
tioning respirator when correctly worn and used. It is defined as
the ratio of the estimated workplace contaminant concentration
that the user would inhale if he or she were not wearing a respi-
rator to the estimated contaminant concentration inside the res-
pirator facepiece.(5) A WPF of 12 means that while correctly using
and wearing the respirator a worker’s exposure is reduced to one-
twelfth of the ambient exposure.

Beginning in the mid 1980s the efficacy of QNFT methods to
indicate workplace protection were brought into question after
workplace studies failed to find statistically significant correlations
between QNFT results and workplace performance as expressed
by the WPF.(9–14) For example, quantitative fit factors measured on
powered air-purifying respirators were much higher than the
WPFs.(9,10,12,13) Therefore, the present laboratory fit tests may not
accurately predict the performance of a respirator in the work-
place. For the last decade, the inability to identify a correlation
between QNFT and WPF values has raised some doubt about the
value of quantitative fit testing.

This article is the first in a series of three describing a study
designed to compare the fit factors from six QNFT methods under
laboratory conditions. The six QNFT methods evaluated were (1)
continuous high flow, deep probe; (2) continuous low flow, flush
probe; (3) exhalation valve discharge; (4) CNP; (5) Ambient
Aerosol 1, using 6 exercises with a duration of 80 seconds each;
and (6) Ambient Aerosol 2, using 17 exercises and lasting 30 min-
utes. Respirator wearers were exposed to a known concentration
of Freon-113 vapor and an oil aerosol in a laboratory test cham-
ber. The concentration of Freon-113 in a subject’s exhaled breath
is reflective of the actual dose received when respirators are worn
in a known concentration of Freon-113. Supported by the phar-
macokinetic properties of Freon-113, airborne exposure to the
vapor could be determined experimentally, by measuring end-ex-
haled air levels rather than relying on in-facepiece sampling. This
eliminates or minimizes the documented biases inherent with cur-
rent in-facepiece sampling techniques and hardware such as probe
location and depth relative to face seal leak location,(15) particle
loss,(16) and the relationship of leak sites and facial characteris-

tics.(17,18) The total Freon-113 exposure dose (i.e., actual respirator
performance) is calculated from concentration measurements of a
subject’s end-exhaled air. Therefore, it can be determined whether
an increase in fit factor results in better protection (i.e., lower total
Freon-113 exposure dose) during a simulated health-care WPF
test. It can also be determined, when two respirators are fit-tested
with the same method, whether the respirator with the higher fit
factor actually provides better protection.

This first article describes the test protocol and a number of
ancillary studies conducted as part of this protocol development.
The second article will describe the results of the study that eval-
uates the correlation between each of six quantitative fit-test meth-
ods and actual exposure to the challenge agent, Freon-113. The
third article will describe the validation testing performed on the
selected quantitative fit-test method.

MATERIALS AND METHODS

The experimental approach using Freon-113 as a biological in-
dicator of exposure was modeled after previously published re-

search.(19) The challenge agent for determining the subject’s actual
exposure needed to be nontoxic. This allowed the subjects to be
exposed to moderate to high concentrations safely so that a wide
range of protection factors could be determined. In addition, it
needed to have suitable uptake, elimination, and metabolic rates
so a constant relationship between the subject’s exposure (the
amount inhaled) and the amount in the subject’s exhaled breath
could be determined during the characterization phase of the pro-
ject. Various agents for the challenge or biomarker gas were re-
viewed. Freon-113 (Aldrich Chemical Company, catalog number
24,281-0, Milwaukee, Wis.) was chosen for its low toxicity, phar-
macokinetic characteristics, and analytical sensitivity. The OSHA
permissible exposure limit and the NIOSH recommended expo-
sure limit are 1000 parts per million (ppm) as an 8-hour time-
weighted average.(20,21) Five preliminary studies were conducted to
develop the protocol.
(1) Chamber characterization: determination of the effect of gen-
erating corn oil on a given Freon-113 concentration.
(2) End-exhaled air sampling: determination of the procedure to
be used for analyzing the end-exhaled air and the optimum time
between the end of the chamber exposure and the end-exhaled air
sample being taken.
(3) Skin absorption testing: determining whether the Freon-113
could permeate the skin and be absorbed into the bloodstream.
(4) Pharmacokinetic modeling: determining whether the relation-
ship between the Freon-113 concentration in the subject’s end-
exhaled air and the exposure concentration is linear.
(5) Subject characterization: determination of the amount of Fre-
on-113 present in the subject’s end-exhaled air for a given known
dose.

Chamber Characterization

This study was conducted using a (4 3 4 3 7 foot) laboratory
chamber (Dynatech Frontier Corp., model 222-6, Albuquerque,
N.M.) that contained a spatially and temporally uniform concen-
tration of Freon-113 and corn oil aerosol. The detector for the
corn oil aerosol was a Dynatech Frontier Corp. model FE250A
portable aerosol test system with a Zenith data system Z-386/20
(Zenith Data Systems, Buffalo Grove, Ill.) equipped with LabTech
Acquire Software (Laboratory Technologies Corp., Wilmington,
Mass.). The portable aerosol test system was able to determine
0.01% leakage (i.e., full scale). Therefore, the maximum fit factor
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TABLE I. Simulated Health Care Motions

Motion
Duration
(Minutes) Motion

Duration
(Minutes)

Hang IV bag 1 reach side to side 2
Bending 2 reaching overhead 2
Insert syringe into IV bag 1 normal breathing while sitting 2
Carrying weight 2 nodding and turning head 2
Twisting and turning head 2 reaching overhead 2
Open and close door 1 stand and normal breath 1
Normal breathing 3 control panel motions 1
Bending 3 walking 1
Turning head 2

that could be determined was 100,000 (a 10% reading on the
0.01% scale). The corn oil aerosol had a measured mass median
aerodynamic diameter of approximately 0.6 mm and a mass con-
centration of 2065 mg/m3 using an impactor (Anderson Sam-
plers, Inc., model 20-800, Atlanta, Ga.). The Freon-113 genera-
tion system consisted of a Sage Instruments (Cambridge, Mass.)
model 351 syringe pump for high concentrations or a Cole Parmer
(Vernon Hills, Ill.) MasterFlex pump for low concentrations and
a glass tube with a heated injection port to vaporize the liquid
Freon-113. The concentration of Freon-113 in the chamber was
monitored continuously using a Wilks MIRAN-1A infrared ana-
lyzer (MIRAN IR) with a separate vacuum pump (Foxboro Co.,
East Bridgewater, Mass.). The MIRAN IR analyzer was connected
to a strip chart recorder (Cole-Parmer Co., model 1101-0000).

The impact of simultaneously generating corn oil aerosol,
needed for three of the in-facepiece methods, on the concentra-
tion of 500 ppm Freon-113 present in the chamber needed to be
ascertained. A concentration of 500 ppm Freon-113 was gener-
ated in the chamber with and without corn oil aerosol being gen-
erated. The actual Freon-113 concentration in the chamber was
determined by the use of the MIRAN IR with the inlet port
equipped with a high-efficiency filter to remove the corn oil aero-
sol. The infrared analyzer was calibrated from 100 to 800 ppm at
100 ppm intervals using the closed loop system provided with the
MIRAN IR. A probe from the test chamber was then connected
to the inlet of the MIRAN IR. The actual concentrations of Fre-
on-113 in the chamber with and without the corn oil being gen-
erated were then compared with the required 500 ppm.

End-Exhaled Air Sampling

To determine the subject’s actual dose, a method and instrument
that could measure the Freon-113 in a subject’s end-exhaled air
accurately and repeatedly needed to be found. According to Gan-
ong, end-exhaled air has more than 250 different chemical com-
ponents including but not limited to oxygen, nitrogen, carbon
dioxide, water vapor, and some ambient chlorofluorocarbons.(22)

After reviewing these components, it was determined that the sub-
jects’ end-exhaled air could be analyzed using a Nicolet Fourier
transform infrared (FT-IR) spectrometer (Madison, Wis.)
equipped with a vacuum system consisting of a Welch vacuum
pump (Sargent-Welch Co., Skokie, Ill., model 1402), Edwards
Datametrics Model 1174 electronic manometer (Wilmington,
Mass.), three needle valves, and stainless steel tubing. The FT-IR
would produce peaks for the Freon-113 that could easily be dis-
tinguished from other peaks caused by all the other chemicals
present in the subject’s end-exhaled air.

Alveolar (or end-exhaled) air has been demonstrated to pro-
duce the most consistent results from exhaled air sampling.(23)

Therefore, the subject’s end-exhaled air collected using an appa-
ratus consisting of a Vacumed 1197 3-liter balloon (Ventura,
Calif.); SensorMedics VMM series ventilation measurement mod-
ule (Anaheim, Calif.); Hans Rudolph 4285 pneumatic controller
with hand switch for remote control (Kansas City, Mo.); Vacumed
pneumatic three-way directional valve; Vacumed K270 K-valve, T-
version equipped with one-way valves; Vacumed 1026 cardboard
mouthpiece; Vacumed 1084 adapter; and Vacumed 1011 Clean
Bor tubing.

Another important issue that needed to be addressed was the
optimum time for sampling the end-exhaled air. Two factors, the
postchamber time at which the desaturation curve stabilized and
the comparison of the results from different exposure profiles,
were the basis for determining the optimum sampling time. First,
testing was done to determine approximately when the end-ex-
haled air should be sampled after termination of the Freon-113
exposure. For this testing, two subjects were chosen at random.
The first subject was given a continuous 3000 ppm-min total Fre-
on-113 exposure dose. The subject remained in the chamber con-
taining 100 ppm Freon-113 and corn oil for 30 minutes without
a respirator. The second subject was given an intermittent 3000
ppm-min total Freon-113 exposure dose.

To do the intermittent exposure test, the second subject
donned a modified half-mask organic vapor/high-efficiency res-
pirator. The respirator was equipped with a breathing port and
cartridge caps. When the breathing port was open and the car-
tridge caps closed, the subject breathed the chamber atmosphere.
With the breathing port sealed and the cartridge caps opened, the
subject breathed only purified air. Since multiple sizes of the face-
piece were available, the subject selected the most comfortable size
based on results of following the manufacturer’s fit check guide-
lines. The sealing area of the facepiece was lined with denture
adhesive to prevent face seal leakage. The face seal was then
checked before and after the test with a TSI Model 8020 Porta-
county (St. Paul, Minn.) in the count mode. If the Portacount
did not detect any particles inside the facepiece, the seal was con-
sidered to be intact. The subject then entered the chamber and
breathed 500 ppm Freon-113 for 2 minutes at the beginning,
middle, and end of the test.

While in the chamber, both test subjects performed the mo-
tions listed in Table I. The selection of these motions was based
on the professional opinion of several experts highly knowledge-
able regarding the health care industry and the health care workers
(HCWs) who would most likely be exposed to patients with tu-
berculosis and a resulting positive skin test. Those HCWs were
emergency room clerks, clinicians, nurses, and doctors; nurses do-
ing home health visits; emergency medical service personnel; X-
ray technicians; and HCWs in prisons. However, the majority of
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these movements are representative of those found in other in-
dustries. After exiting the chamber, end-exhaled air samples were
taken once every 5 minutes for up to an hour after the exposure
was terminated.

In addition, it was necessary to verify that equivalent end-ex-
haled air concentrations could be obtained with different exposure
profiles giving equal doses. Having the exposure occur only at the
beginning of the test versus only at the end of the test was con-
sidered to be the worst case scenario that would be encountered
during the method comparison phase of testing. Three subjects
were chosen at random to conduct this phase of testing. Each
subject donned a modified half-mask organic vapor/high-efficien-
cy respirator as described previously. The sealing area of the face-
piece was lined with denture adhesive to prevent face seal leakage.
The face seal was then checked with the Portacount in the count
mode (i.e., no particles detected). The subjects then entered the
chamber containing 500 ppm Freon-113 and corn oil and re-
mained there for 30 minutes while performing the exercises in
Table I. For the first 6 minutes of the test, the breathing port was
open and the cartridge caps closed. For the remaining 24 minutes,
the breathing port was sealed and the cartridge caps open. After
30 minutes, the subject exited the chamber and the denture ad-
hesive seal was again checked with the TSI Portacount in the
count mode. The subject’s end-exhaled air was analyzed 30 min-
utes after exiting the chamber.

The same three subjects again entered the 500 ppm Freon-113
and corn oil atmosphere on a different day. This time, however,
the breathing port was sealed and the cartridge caps opened for
the first 24 minutes. The breathing port was then opened and the
cartridge caps sealed for the last 6 minutes of the test. The denture
adhesive seal was checked and the end-exhaled air was analyzed in
the same manner as the previous test. Each subject performed
both tests in duplicate.

Since the subjects wore respirators that included an organic
cartridge, it was necessary to ensure that the Freon-113 did not
break through the cartridges (i.e., the sorbent in the cartridge
becomes saturated and lets Freon-113 pass through to the wear-
er’s breathing zone) and contribute an unknown amount of Fre-
on-113 to the wearer’s exposure. Therefore, a change-out sched-
ule needed to be developed for the organic vapor cartridges to
prevent breakthrough of the Freon-113.

The certification test for organic vapor cartridges requires a
carbon tetrachloride service life in excess of 50 minutes when test-
ed in the same configuration as used on the respirator at a 1000-
ppm challenge and 64 L/min.(24) A study by the NIOSH Pitts-
burgh Research Center determined that organic vapor cartridges
had 70% of the carbon tetrachloride service life when tested
against Freon-113 under the same conditions.(25) Therefore, it was
expected that the cartridges would last in excess of 70 minutes.
To verify this assumption, representative cartridges were tested for
service life under chamber conditions. The chamber atmosphere
was cycled through the cartridges by a breathing machine at a rate
of 24 respirations per minute with a minute volume of 40 liters.
The minimum service life seen was in excess of 92 minutes. In
addition, the anticipated breathing rate for the simulated work
movements would not be as high as the breathing machine’s rate.
Since each test involving Freon-113 lasted 30 minutes, the car-
tridges were replaced after every third test in this study. The mod-
ified disposable respirator was also tested to ensure that the sor-
bent removed the Freon-113 for at least 30 minutes. Each mod-
ified disposable respirator was used only for one test.

Skin Absorption

Decker and Crutchfield indicated in their study that Freon-113
may be absorbed through the skin and be eliminated in the end-
exhaled air.(19) In addition, it is known that certain commercial
solvents can permeate through human skin.(26) Therefore, each
subject in this study underwent a skin absorption test for Freon-
113. As described previously, each subject wore an organic vapor/
high-efficiency half-mask respirator sealed to their face to prevent
respiratory exposure to Freon-113. The subjects then entered the
chamber containing 500 ppm Freon-113 and corn oil. They re-
mained in the chamber for 30 minutes performing the exercises
listed in Table I. After exiting the chamber, the subjects were taken
to a nearby room and left their respirators on for 2 additional
minutes. This allowed off-gassing of Freon-113 from their cloth-
ing to stop before the end-exhaled air sample was collected. Their
end-exhaled air was analyzed for Freon-113 and the contribution
of dermal absorption was determined.

The subjects also performed skin absorption tests with 10 ppm
Freon-113 in the chamber. This was necessary since some of the
characterization tests were conducted at the lower concentration.
Only one skin absorption test was conducted for both concentra-
tions.

Pharmacokinetic Modeling

To determine whether the Freon-113 concentration in the end-
exhaled air and the exposure concentration were linearly correlat-
ed, the literature on pharmacokinetics of inhaled solvents was first
reviewed. A physiological model was then developed to obtain
end-exhaled air Freon-113 concentration for a given time after the
exposure ended, establish the relationship between exposure con-
centration and end-exhaled air concentration, and evaluate the ef-
fects of variables of exposure (continuous exposure, intermittent
exposure, and exposure at the beginning or at the end of a fit-
test) on end-exhaled air Freon-113 concentration. The physiolog-
ical model used in this study is based on models describing the
pharmacokinetics of volatile chemicals.(27,28) The model simulates
the inhalation of Freon-113 into the lung and penetration to the
alveoli where Freon-113 is exchanged between the air and the
blood. The gas transfer is controlled by ventilation and perfusion
rates and the blood:air partition coefficient. A series of mass-bal-
ance differential equations are also used to quantify the time
course of Freon-113 concentration within four tissue groups: the
liver, rapidly perfused tissue, slowly perfused tissue, and fat tissue.
Physiological parameters and partition coefficients for the model
are obtained from those in the physiologically based mathematical
model, described by Auton and Woollen, for the human inhalation
pharmacokinetics of Freon-113.(29)

The set of simultaneous differential equations for the model
was formulated as a computer program with Statistical Analysis
System (SAS) software (SAS Institute, Research Triangle,
N.C.).(30) Physiological parameters and partition coefficients are
constants in the program. The input variables for the program are
the concentration of Freon-113 in inhaled air and exposure sched-
ule. The output includes the concentration in the four tissue
groups and in exhaled air. The accuracy of the program was tested
using the results reported by Auton and Woollen.(29)

Subject Characterization

To determine the level of Freon-113 exposure inside the facepiece
during the method comparison testing, it was necessary to estab-
lish the relationship between total Freon-113 exposure dose and
end-exhaled air concentrations. Prior to the start of any

D
ow

nl
oa

de
d 

by
 [

C
D

C
 P

ub
lic

 H
ea

lth
 L

ib
ra

ry
 &

 I
nf

or
m

at
io

n 
C

en
te

r]
 a

t 1
3:

24
 1

9 
Fe

br
ua

ry
 2

01
3 



856 AIHA JOURNAL (59) December 1998

TH
EO

R
ET

IC
A

L
&

EX
PE

R
IM

EN
TA

L
ST

U
D

IE
S

TABLE II. Characterization Exposures and Time Periods with Probe Cap Removed
Chamber

Concentration
(ppm)

Interval Exposure Time
for Each of Three
Intervals (minutes)

Dose
(ppm-minutes)

30-Minute Time-
Weighted Average

(ppm)

500 2 3000 100
500 1 1500 50
500 0.5 750 25
10 5 150 5
10 3 90 3
10 0.5 15 0.5

FIGURE 1. Freon-113 concentration in first subject’s end-exhaled
air following a constant 100.0 ppm exposure for 30 minutes

characterization testing, it was necessary to decide whether the
Freon-113 exposure was to be constant or intermittent.

No reported evidence exists that supports the theory that face
seal leakage occurs at a constant rate during the entire period of
use. Evidence from a workplace study(31) and personal observation
of fit-tests seem to suggest that the seal breaks due to a certain
movement and an exposure occurs, then that movement ends and
others occur, the face seal resets and the exposure ends. Therefore,
the characterization tests of the 11 subjects were conducted with
intermittent exposures of Freon-113 at the beginning, middle,
and end of each characterization test. This characterization was
the basis for determining the relationship of the Freon-113 in the
end-exhaled air to the exposure concentration.

Intermittent exposures corresponding to 30-minute time-
weighted exposures of 0.5, 3.0, 5.0, 25, 50, and 100 ppm were
used to develop the subject characterization curves. To perform
the characterization tests, the subjects donned and sealed the
modified respirator described under the optimum sampling time
section. The test subjects were characterized in the chamber con-
taining 500 ppm for the 25, 50, and 100 ppm characterization
tests and 10 ppm of Freon-113 for the 0.5, 3, and 5 ppm char-
acterization tests. All characterization tests were conducted with
approximately 16 mg/m3 of corn oil measured gravimetrically in
the chamber along with the Freon-113. While in the chamber, the
subjects performed the exercises listed in Table I. To obtain the
desired characterization concentration, subjects opened the
breathing port and sealed the cartridge caps at the beginning,
middle, and end of the 30-minute test period for a specified period
of time as noted in Table II.

Each of the six characterization tests were done twice on each
subject on different days. Therefore, 12 points were obtained for
each subject, which were used to compute their individual end-
exhaled air characterization curves.

The subjects used in this study had a wide variety of facial sizes
to average out any effect facial size would have on the various
methods used in the method comparison phase of the study to be
described in a subsequent article. For example, one method may
correlate well on subjects with medium size faces but not on small
or large faces. If subjects with only medium sizes were included
in this study, a method could be chosen that provides quantitative
fit factors that correlated total Freon-113 exposure dose only with
a few facial sizes. The selection of individuals for participation in
the study was random (among those subjects having the appro-
priate facial size) from the NIOSH Certification and Quality As-
surance Branch human test subject pool who agreed to participate.

Six women and five men participated in the study. The panel
size of 11 was not chosen based on any statistical analysis. Eleven
was the maximum of subjects that could be accommodated in the
study. All of the subjects had experience in wearing half-mask res-
pirators and had performed numerous qualitative fit-tests as part

of the NIOSH respirator certification program. The subjects were
provided instructions on how to don and fit check the respirator.

RESULTS AND DISCUSSION

Chamber Characterization

It was determined that corn oil does absorb Freon-113 and there-
by reduces the vapor concentration (by ø4%). However, it was
also determined that the corn oil and Freon-113 did reach an
equilibrium. Therefore, it was possible to maintain a stable con-
centration of 500 ppm if Freon-113 was added to the chamber
by the syringe pump to compensate for the addition of freshly
generated corn oil aerosol and any losses due to the exhaust and
opening and closing of the door.

End-Exhaled Air Sampling

Prior to beginning the study, a required minimum detectable level
was determined. For the half-masks being used, 2500 seemed to
be a reasonable maximum fit factor that would be attained. This
would result in the wearer being exposed to 0.2 ppm. Since it was
anticipated that at 30 minutes, only 10% of the exposure concen-
tration would be present in the exhaled breath, it was determined
that any instrument used for analyzing the end-exhaled air needed
to be able to detect at least 0.02 ppm.

During the preliminary end-exhaled air sampling phase, it was
found that FT-IR could be used to characterize only 3 of the 11
subjects participating in the study. The large sample volume
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FIGURE 2. Freon-113 concentration in second subject’s end-ex-
haled air following a 500-ppm intermittent exposure correspond-
ing to 100 ppm 30-minute time-weighted exposure in a single
subject

TABLE III. Optimum Sampling Data

Subject Test Type

End-Exhaled Air
Concentration (ppm)

3 Min
Post

15 Min
Post

30 Min
Post

1 exposure at beginning 3.446 1.668 1.382
1 exposure at beginning 3.738 1.821 1.336
1 exposure at end 17.580 4.039 1.951
1 exposure at end 14.305 4.053 1.701
2 exposure at beginning 1.827 1.145 0.950
2 exposure at beginning 2.094 1.265 0.832
2 exposure at end 19.572 3.185 1.380
2 exposure at end 12.118 2.987 1.242
3 exposure at beginning 3.643 1.680 1.270
3 exposure at beginning 3.372 1.585 1.367
3 exposure at end 17.625 3.327 1.248
3 exposure at end 13.435 3.642 1.947

FIGURE 4. Freon-113 concentration in end-exhaled air following
a 6-minute exposure to 500 ppm at the beginning of a 30-minute
test (LS) and a 6-minute exposure to 500 ppm at the end of a
30-minute test (LE) for first subject

FIGURE 3. Mean Freon-113 concentration of two trials in end-
exhaled air following six different intermittent exposures in a
single subject

required for analysis by the FT-IR (approximately 2 liters of end-
exhaled air) produced inconsistent results with the remaining eight
subjects. A possible explanation for this is that the subjects with
consistent results could provide the 2 liters of end-exhaled air with
a single breath. The remaining subjects needed more than a single
breath to provide the sample. This probably resulted in the sam-
ples for these subjects containing varying amounts of relatively
Freon-free exhaled air. Therefore, a different method had to be
developed to analyze the end-exhaled air of these subjects.

A review of the literature revealed a number of methods had
been developed to obtain samples of end-exhaled air for gas chro-
matographic analysis.(32,33) It was decided to adapt one of these
methods to sample the end-exhaled air of the remaining eight
subjects who could not be characterized using the FT-IR. How-
ever, a suitable gas chromatograph was not immediately available
for use. Due to time and other constraints, it was decided to pro-
ceed with the study using the three subjects whose exhaled breath
could be analyzed using the FT-IR. When the gas chromatograph
did become available, the three subjects had already completed all

testing (characterization, skin absorption, method comparison,
and validation) using the FT-IR. The time constraint prevented
these tests from being repeated using the gas chromatograph. Not
using the same instrument for all of the end-exhaled air analysis
is a limitation of the study that will be discussed in further detail
in the second article of this series.

For the gas chromatographic method, a 25-mL sample was
collected and injected into the gas sampling valve system of a
Hewlett-Packard 5890 gas chromatograph with a mass detector
(GC/MD; Wilmington, Del.). To collect the end-exhaled air for
GC/MD analysis, a subject inhaled deeply and held the breath for
approximately 10 seconds. The subject then exhaled as long and
as hard as possible through a device consisting of a mouthpiece,
two one-way valves, and a sampling port. The device captured the
last 25 mL of the end-exhaled air. The sample was then injected
into the GC/MD for analysis by way of the gas sampling valve
system.

Testing with standards was conducted to ensure that the GC/
MD and FT-IR could actually detect 0.02 ppm, and the precision
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FIGURE 5. Freon-113 concentration in end-exhaled air following
a 6-minute exposure to 500 ppm at the beginning of a 30-minute
test (BL) and a 6-minute exposure to 500 ppm at the end of a
30-minute test (EL) for second subject

FIGURE 7. End-exhaled Freon-113 concentrations (30 minute
postchamber) resulting from 30-minute intermittent characteriza-
tion exposures to Freon-113 for a single subject

FIGURE 6. Freon-113 concentration in end-exhaled air following
a 6-minute exposure to 500 ppm at the beginning of a 30-minute
test (LS) and a 6-minute exposure to 500 ppm at the end of a
30-minute test (LE) for third subject

and accuracy of the instrumentations were satisfactory for the
study. However, the actual minimum level of detection for each
instrument may have been less than 0.02 ppm. The actual mini-
mum level of detection was not investigated, since fit factors in
excess of 2500 were not expected. In addition, the same instru-
ment was used for each subject throughout the testing. Therefore,
using both the GC/MD and FT-IR should not have affected the
results of the study.

The off-gassing profiles from two subjects exposed to the 3000
ppm-min dose of Freon-113 are shown in Figures 1 and 2. As can
be seen in Figure 1, there is a rapid decline in the Freon-113
concentration in the end-exhaled air within a few minutes of ex-
iting the chamber. To provide consistent results the sampling time
delay had to be long enough to avoid this rapid decline. Figure 1
also shows that 30 minutes is sufficient to avoid the rapid decrease

of exhaled concentration immediately after the subject left the
chamber.

The 30-minute sampling delay was verified by repeating the
same test. As shown in Figure 2, 30 minutes postchamber time
had the smallest deviation in results between the duplicate trials.
In addition, the 30-minute sampling delay was corroborated by
having a subject run a series of tests at six different concentrations.
For each of the six exposure concentrations, the end-exhaled air
concentration started to level off at about 25 to 30 minutes after
leaving the chamber (Figure 3). Based on these test results, end-
exhaled air sampling could be done at 30 minutes postexposure
time. These test results were similar to Decker and Crutchfield
who also found that after 25 to 30 minutes the amount of Freon-
113 in the end-exhaled air plateaued.(19)

The results of the two exposure scenarios (at the beginning
versus at the end of the 30 minutes) are given Table III and are
plotted in Figures 4 through 6. These figures show the exhaled
breath samples taken at 30 minutes postchamber have the least
variation. Therefore, the optimum sampling time was chosen to
be 30 minutes postchamber based on the different exposure sce-
nario testing and the off-gassing profiles.

Skin Absorption
The amount of Freon-113 in the end-exhaled air from skin ab-
sorption at 500 ppm is summarized in Table IV. It should be
noted that all three subjects not exhibiting skin absorption had
their breath analyzed by FT-IR. This could be an indication of a
difference between the two analytical methods (FT-IR and GC/
MD). Further research would be required to make this determi-
nation. No skin absorption was detected in any of the subjects at
the 10 ppm concentration. Each individual’s end-exhaled air was
adjusted for the contribution of Freon-113 from skin absorption
by subtracting that concentration from the total concentration
found in the end-exhaled air before any further analysis was done.

The inhalation equivalent exposure concentration of Freon-
113 for skin absorption at 500 ppm is also summarized in Table
IV. The average inhalation equivalent exposure concentration of
the 11 subjects in this study was found to be 2.81 ppm. Decker
and Crutchfield found the inhalation equivalent exposure concen-
tration by skin absorption in their subject to be 1.35 ppm.(19) This
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TABLE IV. Summary of Skin Absorption Data

Subject

Freon-113 Concentration in
End-Exhaled Air Due to Skin

Absorption (ppm)A

Inhalation Equivalent
Exposure Concentration

(ppm)B

1 0.02 2.33
2 0.08 9.09
3 0.03 1.17
4 0.04 2.72
5 0.05 3.57
6 0.00 0.00
7 0.05 2.75
8 0.00 0.00
9 0.09 7.14

10 0.00 0.00
11 0.03 2.13

Mean 0.04 2.81
Standard deviation 0.03 2.79

AEnd-exhaled air was measured at 30 minutes after exposure.
BThe inhalation equivalent exposure concentration was calculated using the characterization equations in Table VI.

TABLE V. Effects of Exposure Schedule on End-Exhaled Freon-113 Concentration
End-Exhaled Freon-113 Concentration (ppm) at 30 Min after Exposure to 100 ppm (30-Min Time-Weighted Average)

Exposure
Schedule

Experimental Data

Mean 6 SD (nA) % ErrorB

Pharmacokinetic Model Output

Predicted Mean % ErrorB

Intermittent 1.254 6 0.542 (22) 1.126
Continuous 0.570 (1) 255% 1.125 20.1%
At beginning 1.201 6 0.217 (6) 25% 1.030 28.5%
At end 1.526 6 0.303 (6) 126% 1.224 18.7%
An 5 number of measurements.
B% Error is calculated based on the results for intermittent exposure.

value is slightly smaller than the value found in this study. It may
be due to intersubject variability.

Pharmacokinetic Modeling
End-exhaled air Freon-113 concentrations were obtained for dif-
ferent exposure concentrations put into the SAS computer pro-
gram. The resulting Freon-113 concentration in the end-exhaled
air and the exposure concentration were determined to be linearly
correlated with an R2 of 1.0. This was expected because the si-
multaneous differential equations for the physiological model are
first-order and the model does not incorporate saturable metab-
olism. Auton and Woollen found that the predictions of the phys-
iological model were in good agreement with results of human
study.(29) The differences between predictions and measurements
were of a similar magnitude to interindividual differences. Auton
and Woollen also concluded that the concentrations of Freon-113
in breath or blood after exposure are shown to be insensitive to
metabolic clearance.

End-exhaled air Freon-113 concentrations for different scenar-
ios of exposure occurrence at 30 minutes postexposure time were
also generated with the computer program and are summarized
in Table V. The end-exhaled air Freon-113 concentration at 30
minutes after exposure to 100 ppm (30 minute time-weighted
average) of Freon-113 is 1.126 ppm for intermittent exposure.
The end-exhaled air Freon-113 concentration for continuous
exposure is about the same as that for intermittent exposure. For
the worst case scenarios (i.e., exposure at the beginning or end of
a fit-test), end-exhaled air Freon-113 concentration was within 9%
of the end-exhaled air Freon-113 concentration for intermittent

exposure. Thus, the end-exhaled air Freon-113 concentration was
only slightly affected by the variables of exposure.

The measured end-exhaled air Freon-113 concentrations for
different scenarios of exposure occurrence at 30 minutes postex-
posure time are also summarized in Table V. The end-exhaled air
Freon-113 concentration at 30 minutes after exposure to 100 ppm
(30 minute time-weighted average) of Freon-113 was 1.254 ppm
for intermittent exposure. The model output is in good agreement
with this measurement. The difference is of a magnitude to inter-
and intraindividual differences measured in this study. The end-
exhaled air Freon-113 concentration for continuous exposure was
only 0.570 ppm, which is 55% less than that for intermittent ex-
posure. Making only one measurement could be the reason for
the large error. For exposure at the beginning or at the end of a
fit-test, end-exhaled air Freon-113 concentrations were 5% less or
26% more than that for intermittent exposure. Thus, the variability
in the measured end-exhaled air Freon-113 concentration due to
different exposure schedules is larger than that in pharmacokinetic
model output. The good agreement in end-exhaled Freon-113
concentration for intermittent exposure between model output
and measurement also supported the use of intermittent exposure
to characterize subjects.

Subject Characterization
End-exhaled air concentration (at 30 minutes) was proportional
to the Freon-113 exposure concentration and could be expressed
by the relationship, Y5kX where Y is the end-exhaled air concen-
tration, X is the exposure concentration, and k is a proportionality
constant that differs for each subject. The characterization curve
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TABLE VI. Subject Characterization Equations
Subject Characterization EquationA R2 Value

1 Y 5 0.0086*X 0.88
2 Y 5 0.0088*X 0.98
3 Y 5 0.0256*X 0.84
4 Y 5 0.0147*X 0.79
5 Y 5 0.0140*X 0.84
6 Y 5 0.0105*X 0.95
7 Y 5 0.0182*X 0.99
8 Y 5 0.0092*X 0.91
9 Y 5 0.0126*X 0.92

10 Y 5 0.0100*X 0.98
11 Y 5 0.0141*X 0.94

AX 5 exposure concentration in ppm and Y 5 end-exhaled air concentration in
ppp.

for one subject is shown in Figure 7. This linear function was used
to calculate each subject’s exposure concentration from his or her
end-exhaled air during the method comparison testing that is the
topic of a subsequent article. Table VI is a summary of the char-
acterization equations. The proportionality constants ranged from
0.0086 to 0.0256, and R2 values ranged from 0.79 to 0.99. There
were significant differences in the proportionality constants among
subjects. This indicated that subjects should be characterized on
an individual basis.

SUMMARY AND CONCLUSIONS

The results of this study indicated that end-exhaled air analysis
could be used to determine a subject’s exposure to Freon-113.

The optimum sampling time for sampling the end-exhaled air was
determined to be 30 minutes after exposure or fit-test. The end-
exhaled air concentrations and exposure concentrations were de-
termined to be linearly correlated. Eleven subjects were charac-
terized at six levels of Freon-113 concentration to establish the
linear relationship between end-exhaled air concentrations and ex-
posure concentrations. The data first had to be corrected for skin
absorption before being used to develop characterization equa-
tions for the method comparison testing. Each level of Freon-113
concentration was the time-weighted average of intermittent ex-
posure. Each subject should be characterized.
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