Issues for Variability

'his letter is to comment on what [ find
I a flawed logic recently offered by Myers
and Zhuang!" in support of the current
assigned protection factor (APF) of 10 for
air-purifying half-mask respirators. In
brief, the authors looked at 205 pairs of
inside- and outside-the-respirator contam-
inant concentration values (denoted C,
and C,, respectively) for which C, was be-
tween 1XPEL and 10XPEL, and found
that 1/205 C, values (or 0.5%) exceeded
the PEL. (Note: According to Figure 3,
Reference 1, it appears that 207 C, values
fell within the 1XPEL to 10XPEL inter-
val.) From these dara, they concluded that
the probability of overexposure Pr[C, >
PEL] while wearing an air-purifying half-
mask respirator was only 0.5%, (or perhaps
3% if an estimated negative bias in mea-
suring the C; value was corrected), and
they deemed the current APF of 10 to be
appropriate.

I believe there are three errors in the
preceding logic. First, Myers and Zhuang
ignored the possible distribudons of C,
values that might be encountered by dif-
ferent respirator wearers, and implicitly as-
sumed without justificadon that all wearers
would be subject to the same Cq distri-
bution as in their data set. In the latter, it
appears that more than 80% of the 205 C,
values were < 5XPEL. However, if more
than 80% had been > 5XPEL, it is likely
that more than 0.5% of the C, values
would have exceeded the PEL.

To illustrate, among the 207 workplace
protection factor (WPF) values in Figure
3, Reference 1, for which C, was between
I1XPEL and 10XPEL, 16/207 WPFs or
7.7% were less than 10. Now, if a respira-
tor wearer experiences 7.7% of WPFs less
than 10, and always wears the respirator
when C, = 10XPEL, then 7.7% of the
wearer’s C, values will exceed the PEL.
The latter result can be expressed in an-
other way. If on a given wearing C, =
10XPEL, there is a 7.7% chance that C, >
PEL. I will say more about the C,; distri-
buton at the close of my letter.

The second error is that Myers and
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Zhuang ignored the effect of between-
wearer variability in WPF values, which
signifies that different wearers experience
different average levels of protection. One
result of between-wearer variability is that
given the same C, distribudon for all
wearers, Pr{C, > PEL] varies between
wearers. As described in two papers pre-
viously published in the ATHAJ,* the set
of WPFs aggregated across all wearers in a
population can have a 5th percentile equal
to 10, yet a substantial proportion of wear-
ers in this same populatdon can be inade-
quately protected even though C, never
exceeds 10XPEL. It is puzzling that My-
ers and Zhuang, along with most other
respirator researchers, ignore the issue of
between-wearer variability in analyzing
WPF data and setting APF values.'*® [ am
encouraged that OSHA policy makers ap-
pear intent on accounting for it

Aggregation of Data Points

The third error involves the simple aggre-
gaton of data points across studies, as done
in Figure 3, Reference 1. There are two as-
pects to this error—one is statistical and
one is physical in nature. The statistical as-
pect is that simple aggregation permits a
study that conaibutes a disproportionate
number of data points to have a dispropor-
donate effect on overall parameter est-
mates. For example, the Zhuang and Myers
study!!® on respirators worn against a paint
spray acrosol contributed 36 WPF values to
Figure 3, while the Gaboury et al. study'!
on respirators worn against a B(a)P aerosol
contributed 18 WDF values. In the paint
spray study, the geometric mean (GM) of
the aggregated WPF values was approxi-
marely 4000, while in the B(a)P study it
was 47. If one were considering just these
two studies, the estimate of a median WPF
value in the larger wearer population should
be some type of person-weighted average
of these two GM values. Using the GM of
the 54 WPFs aggregated from both studies
would likely impart a positive bias to the
population median estimate.

The physical aspect of the aggregation
error is that WPF values measured against
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large contaminant partcles are not com-
parable to WPFs measured against small
contaminant particles or gas-phase con-
taminants. The reason involves the differ-
ential loss of contaminant mass in the face-
seal perimeter leak paths based on particle
size. That is, most particles with a large
acrodynamic diameter d,, say, d, > 10 um.
deposit in the leak paths, while gas-phase
molecules and particles with small aero-
dynamic diameters, say, d, < 1 pm, effi-
ciently penetrate the leak paths.''*' Loss of
contaminant mass in leak paths decreases
the observed C, value and increases the
WPF, but the higher WPF does not signify
a lower fracton of leakage air. The net re-
sult is that basing the APF for half-mask
respirators on studies involving large con-
taminant particles leads to overstating the
protection afforded against small parricles
and gases/vapors. Note that in the B(a)P
WPF study, ''* 86% of the B(a)P mass was
in particles with d, = 3.5 pm, and the GM
WPF value was 47. The aerosol size dis-
tribution in the paint spray WPF study
was not characterized, but most mass was
likely in particles with d, > 10 pm; the
GM WPF was approximately 4000.
Although there is ample laboratory ev-
idence for differental loss of particle mass
in leak paths based on particle size, ''2-!*
I note that Myers et al. "'’ have argued
that such differential loss does not occur
when respirators are worn in the work-
place. Their cited evidence is that particles
with d, > 10 pm were observed on in-
facepicce filter samples in a WPF study
conducted in foundries. However, observ-
ing such particles does not speak to a dif-
ference in the partcle size distributions in-
side and outside the respirator facepiece,
and the authors presented no data permit-
ting a comparison. Therefore, the in-face-
piece acrosol may have been substantially
depleted of large particles relevant to the
ambient aerosol, ¢ven though large parti-
cles were found inside the facepiece. In
fact, such differendal loss of particle mass
in leak paths likely contributes to an ob-
servaton made in several WPF studies that
Co and WPF values are positively correlat
ed. It has been suggested that higher par
ticle Co values are associated with large;



mass median acrodynamic diameters, and
a concomitant decrease in the fraction of
particle mass that can penectrate the leak
paths.‘”’"”

Although I find fault with the logic of-
fered by Myers and Zhuang, I do agree
with their view that an assessment of res-
pirator efficacy ideally should be based on
comparing a wearer’s C; distribution with
the pertinent PEL. If a given wearer’s Cq
and WPF distributions were both lognor-
mal (as is typically assumed) with known
geometric mean and geometric standard
deviadon (GSD) values, and if C, and
WPF were independent (as is likely true
for gas-phase contaminants), the C, distri-
bution would also be lognormal with:

GMIC,] = GM[C,]/GM[WPF]GSD[C,]

— exp(VIn?GSD[C,] + In*GSD[WPF])

In this case, Pr[C,; > PEL] could be est-
mated as follows:

Pr{C, > PEL]

_ | _ fn(PEL/GMIC\]]
B n GSD[C,]

where ®(z) denotes the cumuladve standard
normal distribution function evaluated at the
argument z. A correlaton between In C,
and In WPF can be accommodated. To as-
sess the adequacy of respiratory protection,
one would also need to consider the statis-
tical definition of the PEL, which is not as
straightforward as it seems.!'®

The practical problem with this ap-
proach, however, is that the form and pa-
rameters of a given wearer’s C, and WPF
distribudons will never be known a priors.
For the reasons previously discussed, a giv-
en wearer’s WPF distribudon is unlikely to
conform to the WPF distribudon depicted
in Figure 3, Reference 1, and there is no
justification to assume that the wearer’s C,
distribution will conform either. It has been
my personal experience that most respirator
selecdon is made on the basis of few if any
Co, measurements, in which case a wearer’s
Co, disaibudon is typically undefined.

Conclusion

From the regulatory standpoint, it is not
currently feasible to require an employer to
measure WPF values, nor is it feasible to
require an employer to make numerous C,
measurements for all respirator wearers.
Further, the revised OSHA respirator stan-
dard does not mandate that any C, mea-
surements be made, but simply requires
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that the employer make “a reasonable es-
dmate” of employee exposure.® Given the
practical limitations of directly assessing a
wearer’s C; distribution, I favor the follow-
ing approach. First, the APF should be de-
rived from WPF data analyzed to account
for between-wearer variability in WPFs and
for contaminant mass losses in facescal leak
paths and in the respiratory tract. Second,
unless an employer adequately characterizes
the wearer’s C, distributdon by random
measurements or by several ‘“‘worst-case”
measurements (or by using an appropriate
mathematical exposure model), it should be
assumed that the respirator is always worn
at the maximum use concentration defined
as APFXPEL. I cannot address the specifics
of deriving the APF here, because it is a
fairly complicated discussion and I fear the
length of my letter has already tried the Ed-
itor’s patience. The specifics are presented
in report that can be obtained from
OSHA."? Thank you for permitting me to
comment.
Mark Nicas, Ph.D., CIH
School of Public Health
University of California
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Authors’ Reply

ank you for the opportunity to re-
spond to the letter from Dr. Nicas. We
would like to acknowledge Dr. Nicas for
raising the issues he has, and we appreciate
his observatdons. While we have differenc-
es of opinion and interpretation, we sin-
cerely appreciate the scholarly spirit in
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which they are offered and the opportu-
nity to engage in a scholarly discussion
about them.

As a general comment, Dr. Nicas’ letter
is, in the main, a discussion of one central
issue: whether or not the sample of Cg, and
C, used in the paper is representative of an
appropriate aggregate ‘‘real-world” expo-
sure for all half-facepiece respirators se-
lected based on an APF of 10.

In response we would like to point out
that the main point of the article was meth-
odological. It was to illustrate an approach
to assessing the APF rather than to make a
definitive assessment based on the ap-
proach. As was stated in the paper, the es-
tmate of p might well change if and when
new information regarding the joint distri-
budon of C, and C, becomes available. The
statement in the paper that “The authors
believe the current APF of 10 for half-face-
piece respirators is adequate,” which is the
evident focus of Dr. Nicas’ letter, should be
read in that light. Further, it should be
pointed out that shortcomings in the cur-
rently available data will affect other meth-
ods of assessing the adequacy of a given
APF to the same extent that they will affect
the method proposed in this paper.

" The following comments deal with the
specific points raised by Dr. Nicas.

First, Dr. Nicas questons the logic on
which we deemed the current APF of 10
to be approprate because he feels we ig-
nored the possible distribudons of Cy val-
ues, or, more precisely, he fecls that our
data may not be completely representative
of the real world. We concede that any con-
clusions drawn from our darta are necessarily
subject to qualifications dependent on the
representadveness of the data. In this re-
spect our paper is no different from many
other papers dealing with the same subject
matter or even other industrial hygiene sub-
ject matter. Dr. Nicas concludes his argu-
ment with the illustration that “if a respi-
rator wearer experiences 7.7% of WPFs less
than 10, and always wears the respirator
when C, = LOXPEL, then 7.7% of the
wearer’s C; values will exceed the PEL.”
Indeed, the logic in the ilustradon is cor-
rect but the underlying assumpdon is high-
ly quesdonable. Its veracity is based solely
on the condidon that C, = 10XPEL. Be-
fore embracing the conclusion that 7.7% of
the wearer’s C, values will exceed the PEL,
one must ask “What is the likelihood that
any worker always wears the respirator un-
der the exposure conditon of C, =
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10XPEL?” We believe that probability is
extremcly low. In fact, examining the 205
dara points presented in the paper for PEL
= C, = 10XPEL we find no values of C,
meeting the criteria of C;, = 10XPEL. Sev-
en dara points out of 205 or =3.4% were
found in the interval 9XPEL = C, =
10XPEL or, stated in the converse, =
96.6% of the C, observatons were <
9XPEL. Therefore, we feel that the hypo-
thetical use restricdon of C; = 10XPEL
for a single respirator wearer is unrealistic.

Between-Wearer Variability

The second issue raised by Dr. Nicas is that
“Myers and Zhuang ignored the effect of
between-wearer varability in WPF values.”
It is hard for us to understand on what basis
such a statement can be made, given that the
data reported on were obtained from more
than 100 different wearers in these many dif-
ferent studies. If Dr. Nicas meant to say the
study ignores the effect of within-wearer var-
iability, he is correct. The implicadons of ig-
noring within-wearer varability are discussed
immediately following in conjunction with
other of Dr. Nicas’ statements. His state-
ments that “One result of between-wearer
variability is that given the same C, distri-
bution for all wearers, Pr{C; > PEL] varies
between wearers . . . yet a substantal pro-
portion of wearers in this populadon can be
inadequately protected even though the C,
never exceeds 10XPEL” are really about
policy rather than methodology, and again
the apparent issue is within-subject variability
rather than between-subject varability. If
standards were set to reflect within-subject
variability, and to assure that no more than
x% of workers should be exposed more than
y% of the tdme, the methodology described
in the paper could be adapted to do that. In
that case, each worker would be described
by his upper y% exposure rather than by his
average exposure. So, whether the point is
or is not valid, it is somewhat tangenaal to

the paper.
Real-World Exposure

Dr. Nicas’ statement that “The third error
involves the simple aggregaton of data
points across studies” is hard to respond to
adequately beyond saying that it goes into
the very difficult question of what is the
overall “real-world” exposure to which users
of half-facepiece respirators are subjected.
This is certainly an important question and
one that needs to be addressed, but there
are at this point in time, no definitve data
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to do so. We disagree with Dr. Nicas’ theory
for the physical aspects of the aggregation
error, i.e., particle size and face scal leakage.
It has been shown by several laboratory
studies, including our own, that face seal
leaks demonstrate differential parricle loss
bascd on partide size.™» However, in all
these studies the face seal leaks were created
with capillary tubes, holes, wire under the
face seal, etc., that resulted in leaks that had
fixed and stable size, geometry, and location.
The results suggest that the magnitude of
differential partcle loss is also a function of
the leak size (e.g., diameter of capillary) and
leak length (e.g., length of the capillary used
to model the leak). In real-world situatons
the size, geometry, and locaton(s) of face
seal leaks are ncither fixed nor stable. In
some instances, visual as well as microscopic
evidence indicates that the overall seal of the
respirator is very good but punctuated by
moments of catastrophic failure during
which even very large partcles enter through
the face seal. We are therefore led to the
conclusion that *‘yes,” differendal particle
loss will occur, but the variable nature of face
seal leak size, geometry, and location expe-
renced in real-life use of respirators over-
whelms its potendal significance in defining
differences in respirator performance. Con-
trary to Dr. Nicas’ asserton that pardcle size
is the determining factor for the higher
WPFs in the paint overspray study, we be-
lieve there are other more highly probable
explanations. First of all, the half masks were
equipped with HEPA filters. Nelson has an-
alyzed half-facepiecce WPF data and found
that use of HEPA filters resulted in higher
average WPFs than [use] with other cate-
gories of particulate filters.*

Second, and probably most important,
the presence of solvent vapor provided the
workers and the authors, who were also
wearing respirators, with constant feedback
on the fit of their respirators. As soon as any
face seal leak developed, the smell of solvent
alerted the wearer and corrective action
could be taken to reseal the respirator.

Finally, Dr. Nicas remarks that “From
a regulatory standpoint, it is not currently
feasible to require an employer to measure
WPF values, nor is it feasible to require an
employer to make numerous C,, measure-
ments for all respirator wearers.”” We
would like to point out that the proposed
method and discussion contiined in the
article has nothing to do with the regula-
don of empoyers. [t focuses on addressing











