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study. This suggests that the higher variation in the human
tests is mainly due to variations in faceseal leak size and not
to increased systematic errors. It was estimated that the fluc-
tuations in faceseal leak size for the subject with the high fit
factor varied between 0.5 mm and 0.7 mm, and between 1.0
mm to 1.3 mm for the subject with the low fit factor. Thus, the
fit factor determined for a human cannot be expected to be
constant even for the most perfect test system.

Variation in fit factors during quantitative respirator fit
testing was studied for a high degree of fit (aerosol fit fac-
tors > 1000) and a low degree of fit (aerosol fit factors <
1000). In a controlled human study, fit factors were deter-
mined sequentially for three different exercises by (1) an
aerosol fit test (using a portable condensation nuclei counter
and room aerosol as the test agent) and (2) the newly devel-
oped dichotomous-flow fit test (Dichot). For the higher level
of respirator fit, the aerosol fit factors were 30 to 60 times the
corresponding flow fit factors, and for the lower level of res-
pirator fit they were 2 to 4 times the flow fit factors. A coeffi- R
cient of variation (CV) of 84% (GSD 1.6) for the higher

respirator fit and 178% (GSD 2.2) for the lower respirator fit
data was observed in the human study when aerosol fit fac-
tors for the three exercises were pooled. In a similar man-
nequin study, the center sampling probe gave aerosol fit
Sfactors witha CV of 5.4% (GSD 1.05). The flow fit factors for
all three exercises pooled had a CV of 36% (GSD 1.3) for the
higher respirator fit and 40% (GSD 1.5) for the lower respi-
rator fit data, while the mannequin study gave flow fit factors
witha CV of 2.2% (GSD 1.02). Thus, the variation in fit fac-
tors obtained in the human study was much higher than that

espirator fit generally is expressed quantitatively
by the fit factor, which is defined as the ratio of the
concentration of the test agent outside the respirator
to the concentration of the test agent inside the respirator
cavity.” Large variations in aerosol fit factors (AFFs) have
been observed both for individual respirator wearers and for
a population of respirator wearers.”’ Since aerosol penetra-
tion is known to be strongly dependent on particle size,*
variations in AFFs for the same respirator fit have been at-
tributed to changes in the external acrosol size distribution.
High variability in AFFs also has been attributed to the lack
of complete mixing in the respirator cavity, which results in
the dependence of the fit factor on leak and probe locations
as well as the breathing rate. "

The flow fit factor (FFF) obtained by the newly devel-
oped dichotomous-flow respirator fit test system, “Di-
chot,”® is independent of leak and sampling probe
locations. Results of a mannequin study with fixed leaks
* Author to whom correspondence should be addressed indicate that the coefficient of variation in the FFFs is lower

obtained in a mannequin study. However, the variation in the
aerosol method relative to the flow method, in the human
study, is of the same order of magnitude as in the mannequin
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(2.2%) than the variation in the corresponding AFFs (5.4%).
The Dichot therefore potentially can be used to study the
variability in fit factors due to natural changes in leak size
during fit testing of human subjects.

This article describes a controlled experiment to study
the variability in quantitative respirator fit factors for a high
level of respirator fit (AFFs > 1000) and for a lower level of
respirator fit (AFFs < 1000). The AFFs and FFFs are deter-
mined sequentially on each respirator wearer and the coeffi-
cient of variation in the two fit factors is compared with that
obtained in a mannequin study with a fixed leak.®

A separate mannequin study is described in which fixed
leaks are introduced and the corresponding flow fit factors
determined. A relationship is established between the leak
flow rate and the diameter of the leak. This relationship is
used to estimate the variation in faceseal leak size during
respirator fit testing.

The results of this study show that a large degree of vari-
ability exists in the faceseal leak size during normal breath-
ing. Thus, the fit factor determined on a human cannot be
expected to be constant, even for the most perfect test system.

EXPERIMENTAL METHODS AND MATERIALS
Sequential Aerosol Fit Test and Flow Fit Test

A two-part controlled study was carried out to determine
the variation in fit factors during quantitative respirator fit
testing. Part one focussed on a high level of respirator fit
(AFFs > 1000) and part two focussed on a lower level of fit
(AFFs < 1000). Silicone and natural rubber half-masks in
three different sizes were obtained from a single manufac-
turer and tried on two human subjects—a Caucasian male
and an Oriental male—to obtain a high respirator fit and a
low respirator fit. A high respirator fit was obtained with a
large-size silicone half-mask on the first subject and a low fit
was obtained with a medium-size natural rubber half-mask
on the second subject. The masks were equipped with a pair
of high efficiency particulate air-purifying (HEPA) car-
tridges and a sampling probe in the center of the mask. Fit
factors were determined sequentially by two fit testing meth-
ods on each respirator wearer for three different exercises.
AFFs were determined with the portable version of a con-
densation nuclei counter® (model 8010 PortaCount®, TSI,
Inc., St. Paul, Minn.) with ambient room aerosol as the test
agent, and FFFs were determined with the “Dichot.”

The subjects were informed of the purpose of the study
and given a verbal description of the test protocol. Each sub-
ject was seated upright on a chair and breathed normally. He
then donned the respirator to fit his face comfortably. The
center probe was connected to the PortaCount and a set of six
AFFs was determined while the subject looked straight
ahead. The test was repeated to obtain two more sets of fit
data for the same head position.

Next, the HEPA cartridges were removed very carefully
to avoid altering the fit of the mask and were replaced with
modified cartridges. The two HEPA cartridges were mount-
ed on a reference mask and a flow of 32 L/min was drawn

through them. This flow rate was selected because it is one
of the two flow rates at which air-purifying respirator car-
tridges are tested.'?

The sampling probe at the center of the mask was con-
nected to the Dichot and the probe on one modified cartridge
was connected to a pressure differential sensor. The second
modified cartridge had a breathing port that was connected
to a two-way solenoid valve. This allowed the wearer to
breathe normally until he was ready for the test.

The subject held his breath while looking straight ahead
and shut off the breathing port by activating a solenoid
valve. The Dichot measured the inward leakage into the
mask during breath-holding and the flow fit factor was cal-
culated as the ratio of the total flow (cartridge flow + leak
flow) to the leak flow. To ensure that no air from the lungs
“washed” back into the respirator cavity, “nose-plugs” were
used. Soft-cotton buds wrapped in a polyethylene cover
(available as ear-plugs) were used in this experiment as
“nose-plugs.”

As in the case of the aerosol fit test, three sets of six flow
fit factors were determined. The subject did not take off the
mask between the aerosol and flow fit tests and great care
was taken to ensure that the fit of the mask remained un-
changed throughout the study.

AFFs and FFFs were determined sequentially for two
other exercises. AFFs were determined while the subject
moved his head up and down about 45 degrees. Correspond-
ing FFFs were determined while the subject held his head
turned at an angle of 45 degrees upward."'” In the next seg-
ment of the study, AFFs were determined while the subject
moved his head side to side about 45 degrees and corre-
sponding FFFs were determined while the subject held his
head turned 45 degrees to the right.

Relationship Between Leak Flow Rate and Leak
Size

A mannequin study was conducted in which a half-mask
was fitted with a center probe and three artificial leaks of
0.84 mm internal diameter and approximately 5 cm length
were introduced at the faceseal. The pair of HEPA car-
tridges used in the above human study was mounted on a
reference respirator and air was drawn through the car-
tridges at a flow rate of 43.5 L/min. An inhalation flow rate
of 43.5 L/min represents moderate to light work activity.!?
Flow fit factors were determined for one, two, and three
faceseal leaks.

RESULTS
Sequential Aerosol Fit Test and Flow Fit Test

Figure 1 shows the frequency distribution of AFFs and
the corresponding FFFs obtained for the subject wearing a
half-mask with the high level of respirator fit. The graph also
shows the arithmetic mean (AM), and the percent coefficient
of variation, the geometric mean (GM), and the geometric
standard deviation (GSD) of the 18 fit factors determined for
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each of the 3 exercises. Figures 1A and 1D show fit data
when the subject was looking straight ahead. Figure 1B
shows AFFs obtained while the subject moved his head up
and down and Figure 1E shows the corresponding FFFs, de-
termined while the subject held his head turned upward.
Similarly, Figure 1C shows AFFs for a side-to-side head
movement and Figure 1F shows the corresponding FFFs
when the head was turned to the right.

The AFFs were in general higher than the FFFs, and had
a higher variation. The coefficients of variation for the AFFs
for the three exercises ranged from 45% to 84%, and those
for the FEFs ranged from 27% to 49%. When the fit factors
obtained for the three exercises were pooled, the aerosol fit
factor had an AM of 1.04 10° with an 84% coefficient of vari-
ation, and a GM of 4.90 10* with a GSD 1.6. The pooled flow
fit data had an AM of 1.64 10° with a 36% coefficient of vari-
ation, and a GM of 1.60 10* with a GSD of 1.3.

Figure 2 shows the frequency distributions for the sub-
ject wearing the half-mask that gave a lower level of fit. Fig-
ure 2B shows the AFFs for the side-to-side movement of the
head. One of the fit-factor values obtained during this test
was 23 300. This value was discarded as an outlier because it
was about 80 times larger than 290, which was the median
fit factor for all the other data of this exercise. As in the
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FIGURE l. Frequency distribution of aerosol and flow fit factors obtained with a half-mask respirator on a human subject for a
high respirator fit

previous case, the AFFs were higher than the corresponding
FFFs. The coefficients of variation for the AFFs for the three
exercises ranged from 22% to 173%, and those for the FFFs
ranged from 5% to 27%. When the fit factors obtained for the
three exercises were pooled, the aerosol fit factor had an AM
of 394 with a 180% coefficient of variation, and a GM of 250
with a GSD 2.2. The pooled flow fit data had an AM of 148
with a 40% coefficient of variation, and a GM of 135 with a
GSD of 1.5.

The correlation plot between AFFs and FFFs obtained on
human subjects is shown in Figure 3. This plot is very simi-
lar to the correlation plot between the two fit factors ob-
tained on a mannequin,® except that the human fit factors
show a higher degree of variation. It can be seen in Figure 3
that the variation in flow fit factor (horizontal lines) is less
than that in aerosol fit factor (vertical lines). The higher vari-
ation in AFFs at the higher level of respirator fit may be due
to the fact that at a higher fit (lower aerosol penetration) the
particle losses are highly leak-size dependent.

Relationship Between Leak Flow Rate and Leak

Size

Figure 4 shows the dependence of leak flow rate, Qqu,
on leak size. Since leak flow rate is a function of pressure
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drop across the leak, this relationship holds good only for
that pair of HEPA cartridges used in the experiment. The car-
tridges used in this mannequin study were the same as those
used in the human study. The relationship between leak flow
rate and leak diameter, d,.,, is given by the equation:

Q]eak(mL/min) = 152dlcak4a (mm)4 (1)

Qe Was found to be proportional to the fourth power of
diameter as explained further below. The correlation coeffi-
cient for the above relationship, R?, was 0.99. This relation-
ship is used to estimate the variation in faceseal leak size
during fit testing.

DISCUSSION

Comparison of the coefficients of variation obtained in the
human study with those obtained in the mannequin study®
shows that the ratio of the coefficients of variation in the two
fit testing methods is about the same. For the higher level of
respirator fit in the human study, the coefficient of variation
in the AFFs was 2.3 times the coefficient of variation in
FFFs (84%:36%) when the data was pooled for the three
exercises. In the mannequin study (with a fixed leak) the
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FIGURE 2. Frequency distribution of aerosol and flow fit factors obtained with a half-mask respirator on a human subject for a
low respirator fit

coefficient of variation in AFFs was 2.5 times that in the
FFFs. As the test conditions in the human study were similar
to those in the mannequin study, the higher variability in the
human fit factors may be attributed to variations in the face-
seal leak size during fit testing.

The Dichot was used to study the variability in fit fac-
tors due to natural changes in leak size during fit testing of
human subjects because the FFF is independent of leak and
sampling probe locations and has a very low degree of vari-
ability.

An estimate of the variation in faceseal leak size can be
made based on the variation in flow fit factors. The flow fit
factor is the ratio of the cartridge flow rate to the leak flow
rate. When the cartridge flow rate is held constant, changes
in leak flow rate can cause changes in FFF. The leak flow
rate is a function of the pressure drop across the leak, and the
diameter and the length of the leak. During quantitative res-
pirator fit testing the HEPA cartridges create moderate pres-
sure drops. At a given breathing rate, the average pressure
drop during each inhalation cycle may be considered to be
constant, so that changes in leak flow rate can be attributed
to changes in leak size. If the length of the faceseal leak is
assumed to be constant during fit testing, then changes in
leak flow rate must be related to changes in leak diameter
alone.
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Quantitative Fit Tests on Humans
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FIGURE 3. Correlation between aerosol fit factors
and flow fit factors obtained sequentially on human
subjects

The Hagen-Poiseuille equation for pressure drop due to a
steady laminar flow through a circular tube is given by:('»

_128u6Q

A
P nd*

it

If the pressure drop across the faceseal leak, Ap, the vis-
cosity of air, u, and the length of the faceseal leak, 1, are as-
sumed constant, then,

4
Q]euk ad leak

where d,,, is the diameter of the leak.

In Figure 4, the equivalent diameters for two and three
leaks were calculated as follows. Let d, represent the
leak size when only one leak is present, and dy,,, the diame-
ter of the leak equivalent to two leaks of the same size. Q.
and Q¢ are the leak flow rates through one leak and
through two leaks, respectively.

4
dIeak(2)
dleak(l)

But, when two leaks are in place, the leak flow rate is
twice that due to a single leak.

Qleak(2) = 2Qleak(1)

(3

— Qlcak(Z)

Qleakcty @

(5)
Therefore,

Gieaky = (2) ]/Adleak(l) (6)
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FIGURE 4. Relationship between leak flow rate and
equivalent leak size for u mannequin fitted with a half-
mask with two HEPA cartridges and three faceseal
leaks of 0.84 mm 1.D.

Similarly, for three leaks, the equivalent diameter is

ieakzy = (3) l/4dleak(1)' (7)

Rewriting the regression equation for the relationship
between leak flow rate and leak diameter gives

1/4
d :|:Qlcak ]
leak 152

This relationship is valid only for the particular pair of
HEPA cartridges used in this mannequin study. However,
this equation can be used to estimate the leak size variation
during fit testing on humans since the same pair of HEPA
cartridges was used in the human test. In the case of the high
respirator fit (Subject 1), the range of FFFs was 820 to 4350,
which corresponds to leak flow rates ranging from 39
mL/min down to 7 mL/min for the cartridge flow rate of 32
L/min used during the fit testing. This range of leak flow
rates corresponds to an equivalent faceseal leak size diame-
ter of 0.7 mm to 0.5 mm. The flow fit factor range for Subject
2 was 80 to 220, which corresponds to an equivalent faceseal
leak diameter range of 1.3 mm to 1.0 mm.

(8)

CONCLUSIONS

Quantitative respirator fit factors are determined before field
use for a particular respirator fit. In the present study applica-
tion of two methods of fit testing—an aerosol fit test and the
dichotomous-flow fit test—have shown that even for the
same respirator fit there is a high degree of variation in the fit
data collected due to fluctuations in the faceseal leak size.
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Thus fit factors determined on a human cannot be expected to
be constant even when the most perfect test system is used.
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