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Parameters that Bias the Measurement of Airborne Concentration
Within a Respirator

WARREN R. lMYERS,A JOAN ALLENDER,* RALPH PLUMMER® and TERRENCE STOBBE®

ADepartment of Health and Human Services, National Institute for Occupational Safety and Health, Division of Safety Research, Injury Prevention
Research Branch, Morgantown, West Virginia; 5School of Engineering, Department of Industrial Engineering, West Virginia University,
Morgantown, West Virginia

This paper describes the theoretical basis upon which a test system has been set up to evaluate the sampling error associated with in-facepiece
sampling on half-mask respirators. The in-facepiece sampling technique evaluated in this study is the one currently used in the U.S. to
conduct quantitative facepiece fit testing. An experimental design was developed to study the sampling bias associated with in-facepiece
sampling when selected parameters of the man/respirator system were varied. The results indicated that significant errors can be made in
estimating concentration within a respirator when the currentiin-facepiece sampling technique is employed. Sampling bias was determined
when in-facepiece samples were collected only during the inhalation phase of the respiratory cycles. They were found to range from greater
than -99% to greater than +98%. The mean sampling bias was -17 &= 38%. When measured in-facepiece concentrations were used to calculate a
fit factor the resulting range was 44 to 4728 even though the actual fit factor was only 87. Based upon the data presented, it was hypothesized that
faceseal leakage was streamlining within the respirator cavity. As a result, quantitative facepiece fit data on half-mask respirators may be biased
by the large measurement error.

Introduction

The primary goal of any sampling system designed to mea-
sure the concentration of airborne contaminant(s) is to pro-
vide a quantitative estimate of the airborne concentration in
the environment from which it is obtained. In the occupa-
tional setting, this environment is the workplace; for exam-
ple, concentrations of contaminants are measured by gen-
eral area sampling or by personal sampling. In regard to this
investigation, however, the environment is the facepiece cav-
ity: the cavity between the body of a respirator and a wearer’s
face. In this case, the concentration of contaminants within
the facepiece cavity are measured by in-facepiece sampling.

In-facepiece sampling refers to a measurement system
which is composed of two general aspects. The first aspect is
sampling or sample collection, which involves collecting a

sample of contaminant from within the facepiece cavity. The
second aspect is sample analysis which deals with quantify-
ing the amount of contaminant present. The validity of
contaminant measurements made by in-facepiece sampling
or any other sampling system is dependent upon the actual
representativeness of the collected samples to the environ-
ment from which they were obtained and upon the accuracy,
precision, sensitivity and sample recovery associated with
the analytical methods. In regard to negative pressure respi-
rators, the environment from which samples are collected is
subject to dramatic changes in instantaneous airflow rates,
minute volumes and inboard contaminant leakages.

The most familiar use of in-facepiece sampling is in quan-
titative fit testing'” with more recent application to respira-

TABLE |
Test Variables and Levels of Effect Used
in the Factorial Experimental Design

Test Variable
Variable Description

Level of Etfect

PL  probe location on
respirator midline

PD depth of probe

mouth

LS leak site

BP breathing dis-
tribution
pattern

SR measurement
sample rate

1 L/min

1 2
between nose mouth
and mouth
" 1
cheek chin
equal all mouth all nose
2 L/min 3 L/min

PL = probe location; PD = probe depth; LS = leak side, BP = breathing

pattern; and SR = sample rate
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tor field studies to determine workplace protection fac-
tors.®3% Quantitative facepiece fit testing (QNFT) involves
real-time sampling of an aerosol within a facepiece cavity.
The measure of aerosol concentration inside the facepiece is
compared to the measure of aerosol concentration outside
the respiratorin the form of a ratio, which is defined as the fit
factor. Workplace protection factor determination involves
calculating the ratio of the time-weighted average (TWA)
concentration of a contaminant(s) within a facepiece cavity
to the TWA concentration of contaminant(s) outside the
respirator.” In both applications the accuracy, sensitivity,
etc. of the analytical methods are generally well defined and
are presented in the published literature.®” The same cannot
be said, however, about the technique used to obtain the
sample from the facepiece cavity. The current technique™®
for sample collection on half mask respirators in the U.S. is
to locate a sampling probe on the midline of the respirator
body at a position that falls somewhere between the nose and
mouth of the wearer. Generally, the probe is attached
directly to the wall of the respirator. The internal diameter of
the sampling probe and the sampling flow rate used for
in-facepiece sampling are not standardized and vary widely.
Furthermore, samples are collected during both the inhala-
tion and exhalation phases of the respiratory cycle.

The efficacy of in-facepiece sampling has never been dem-
onstrated in the published literature even though in-facepiece
sampling has been done since the early 1960s. One possible
reason for this is the often applied assumption that leakage
through the faceseal perimeter mixes uniformly and com-
pletely within the facepiece cavity. The purpose of this
research is to investigate whether or not that assumption is
true-and determine how certain parameters of the man/res-
pirator system may affect the representativeness of samples
collected by current in-facepiece sampling techniques.

System Definition and Discussion

In order to accomplish the experiment a model was devel-
oped to predict the actual concentration that would be
present within the facepiece cavity. We define the quantity Cr
as the average concentration present during inhalation.
Defined as such, C; would represent the true respiratory
exposure experienced by a worker. The tidal volume inhaled
during a single breath is designated as V1. The respiratory
minute volume Qg is simply V1 times the breathing frequency
expressed in respirations or cycles per minute. The concen-
tration of a substance measured outside the front of the
tespirator (not necessarily the same as the ambient concen-
tration) is denoted as Co.

At any instant C; will be equal to the sum of all the
leakages coming into the respirator at that instant. If we let
P; be the penetration through any leak source (i=1,2...n)
and Q; be the respective flow rate through those leak sources

then we can develop the following expression for Ci.
n
(CoPrQr) + (CoPLQu) + X (GoPiQy)
izl

CI = fn (1 )

Qr+ QL+ ZQ:
fi=1
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Figure 1 — Representation of probe locations on respirator
midline and leak sites on the faceseal perimeter. Probe loca-
tions 1A-nose; 2A-between nose and mouth; 3A-mouth. Leak
sites 1B-nose; 2B-cheek; and 3B-chin.

where Py = penetration through the filter;

PL = penetration through the faceseal;

P; = penetration through other sites of leakage;

Qr = flow rate through the filter;

QL = flow rate through the faceseal;

Q: = flow rate through other sites of leakage.

If filter efficiency, nris known, then Pr can be replaced by

l-nr in Equation 1. By mass flow balance the following
relationship exists;

n

Qr=Qr+ QL+ 2(Q

i=1

and if it is assumed that % (CoP;Qi) = 0 then Equation 1
reduces to i

CI = C_Oi%_}:_m‘) (2)

The assumption 21 (CoPiQi) = 0 is in general suitable;
however, the most notable exception would be for consider-

ation of exhalation valve leakage. To consider multiple sites
of faceseal leakage the term PL(I?L in Equation 2 needs to be

replaced by a summation termLZ P1.Qufor | to n number of
=1
sites.

For particulate aerosols Py and Py, are a function of the
aerodynamic equivalent particle size of the aerosol and the
flow rate through the filter or leak. Additionally, Pr is a
function of various filter characteristics (e.g. fiber packing
density, electrostatic charge, fiber diameter, etc.) For a gas
or vapor, however, it is generally recognized that Pr=0 until
the cartridge begins to experience breakthrough and that Pp
= 1; that is, the leak has a gas collection efficiency of 0. With
the assumption that Pr = 0 and Pr = 1 for a gas/vapor
situation, Equation 2 further simplifies to
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For this experiment Equation 3 was used to calculate the
theoretical concentration of vapor present in the facepiece
cavity during inhalation.

In actual practice, however, C1 can not be calculated
directly from Equation 3 because the quantity Q. is not
known. As a result, an estimate of C; is made by collecting a
sample from inside the respirator cavity. The usual sampling
strategy is to collect a sample over both the inhalation and
exhalation phases of the respiratory cycle. This value will be
designed as C (the double bar designates sampling during
inhalation and exhalation). This concentration estimate is a
function of Crand Cgx, the concentration present within the
respirator cavity during exhalation and the inhalation and
exhalation times t; and tgx. This functional relationship is
expressed by the following equation: ,

C= k1Cr + koCex (4)

where ki and k2 are respectively the normalized coefficients
for time of inhalation and exhalation [e.g., ki = ti/ (tr+tex)].

For the sampling estimate C to be unbiased, the unbiased

Figure 2 — Representation of probe mouth depths and ieak
sites on the face seal perimeter: leak sites 1B-nose; 2B-
cheek, 3B-chin. Probe depths 1C-flush, 2C-.25 inch inser-
tion, 3C-.5 inch insertion.
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Figure 3 — Schematic of test system.

estimates of Crand Cgx must be used. These estimates can be
obtained as follows:

N
Ci=6C
and
N
Cex = éCrx

The values /C\II and /C\Ex are theactual concentration estimates
made by in-facepiece sampling. The values ¢ and & are
corrections for sampling bias experienced during the inhala-
tion and exhalation phases of the respiratory cycle.

The difference between Cgx and Ci represents the loss in
concentration due to lung retention. Lung retention is equi-
valent to lung collection efficiency, nr; therefore, Cgx can be
expressed as (1-n1) Ci. By making the appropriate substitu-
tions into Equation 4 and rearranging, the following expres-

sion is obtained for determining C; based upon C:

C
— = o s (o) ®
From Equation 5, the calculation of the true inhalation
exposure can be made based upon an estimation of exposure
made over the inhalation and exhalation phases of the respi-
ratory cycle given the duration time of inhalation and exha-
lation, inhalation and exhalation phase sampling biases, and
lung retention charactefistics for the specific contaminant.
The given quantities required in Equation 5, however, are not
known in general. For example, different aerosol size dis-
tributions ordifferent gas/ vapor contaminants have markedly
different lung retention characteristics and, therefore, dif-
ferent values of .. Likewise, it is hard to determine k; and ke
since these coefficients will most likely vary with respiration
rate and individual. In addition, the corrections for sampling
bias have not been determined.

An alternative approach that would greatly simplify the
estimation of C; would be to collect samples only during the
inhalation phase of the respiratory cycle. The feasibility of
using such an approach has been demonstrated by Fiirstand
Riediger® who have described a system for use in a labora-

Am. Ind. Hyg. Assoc. J. (47) February, 1986



tory setting, which collects samples from the respirator cav-
ity only during inhalation. For this sampling scheme the
concentration estimate obtained by in-facepiece sampling
will be designated as C. It is defined as:

C=&0C (6)

Experimental Design

This investigation was to provide an assessment of whether
certain parameters of the man/ respirator system may intro-
duce bias into the sample estimates of the concentration
collected from within the cavity of a negative pressure, half
mask. If good mixing does occur inside the facepiece cavity,
samples collected by in-facepiece sampling should closely
approximate the theoretical level predicted from Equation
3. If good mixing does not occur, however, then samples
collected by in-facepiece sampling would be different from
theoretical levels. This difference can be expressed as sam-
pling bias. As system parameters are varied between differ-
ent levels, determination of any sampling bias caused by
such variation would provide an indication of whether good
mixing is occurring within the facepiece cavity.

The experimental approach taken was to conduct a
screening experiment which utilized a fixed effect 3*factorial
design. This experimental design is a factorial arrangement
with k variables (classes) each at three fixed levels of effect
(levels).®” With 5 variables the full 3% factorial design would
have 243 treatment combinations. Since this was primarily a
screening experiment, only main effects and 2-way interac-
tions were considered important in the statistical analysis.
As a result, a one-third factorial reduction was used to
partition the full 3° design into three blocks having 81 treat-
ment combinations. Each of the resulting blocks represent a
3*1 or 3 fractional factorial design. The defining relation (1)
used to partition the treatment combinations into each block
was the interaction component AB2C*D?E®. Any one of the
resulting three blocks of treatment combinations could have
been sclected for use.

Assumptions made with this design are that: 1) the vari-
ables (factors) are fixed; 2) the design is completely random-
ized; and 3) the usual normality and homogenity of varian-
ces assumptions are satisfied. For the initial statistical
analysis of the data, a general linear model analysis was
performed to determine which variables or 2-way interac-
tions were significant causes of sampling bias.

The process of identifying and selecting factors for inclu-
sion into the study was based upon a fault-tree analysis of the
current technique for obtaining in-facepiece samples. That
process identified many potential factors of the man/ respi-
rator system which could possibly introduce bias into the
sample collection process. Based primarily upon profes-
sional judgment and experience, five factors were selected
from the fault-tree analysis for study. Selection of those
factors and their associated levels of effect are discussed as
follows and are summarized in Table I.

Sampling Probe Location (PL)
The factor sampling probe location deals with the position

Am. Ind. Hyg. Assoc. J. (47) February, 1986

A "

of the probe on the midline of the resirator in an area
between the nose and mouth. In practice the midline probe
location on any given mask is fixed; however, its positional
relationship to the nose and mouth will naturally vary
between different wearers and also for an individual wearer
during multiple donnings. The three probe locations selected
for study were designated as follows: nose; between nose and
mouth; and mouth. Selection was based upon the physical
limits created by nose or mouth entry to the respiratory tract
and a reasonable midpoint between the two (Figure 1).

Sampling Probe Depth (PD)

The factor probe depth deals with how deeply the probe
mouth is extended into the cavity of the respirator. The three
probing depthis chosen for study were: flush (<% inch inser-
tion); ¥ inch insertion; % inch insertion. These depths were
chosen because experience indicated a half-inch probe depth

704

i =27ppm

61 =27ppm

' =
CI 34ppm

(VY
$ 8 3 8

1 =2ppm

ABSORBANCE
§ 8

3

2

C'I =15ppm

1A\ -

TIME —>
Figure 4 — Chartrecordings of three test sequences demon-
strating the relationship between Ciand 81. Curve A shows
no appreciable difference; Curve B, 81 underestimates the

A
actual concentration by 89%; Curve C, C; overestimates the
actual concentration by 98%.

109

=30ppm



ona half—mésk respirator could be practical on most people,
while flush represents. the physical limit of the mask and
4 inch represents a midpoint (Figure 2).

Leak Site.on Faceseal Perimeter (LS)

The factor leak site deals with the location of the leak on the
faceseal perimeter. The three leak sites selected for study
were: the nose, cheek and chin. These sites were selected
based upon experience and professional judgment -which
indicates that nose, cheek and chin represent the most likely
areas of faceseal leakage. Each leak site was created by
inserting a piece of % inch internal diameter, circular tubing
through the respirator body at the faceseal lip and was
positioned such as to minimize deformation of the facepiece
and faceseal. The circular geometry of such a leak may,not
provide a representative model of how other leak geometries
may influence in-facepiece sampling; however, recent obser-
vations by Cohen from a study, in which a photographic
technique to qualitatively fit test respirators was used, indi-
cates that a circular leak geometry may be a reasonable
model for a large percentage of the leaks he observed."” All
three sites were located on the same side of the respirator.
This was done based upon consideration of the symmetry of
the respirator about its midline. In regard to the study, it
should make no difference whether the leak occurred on the
left or right hand side of the respirator (Figures | and 2).

Breathing Distribution Patterns (BP)

The factor, breathing distribution pattern, deals with the
ratio of the inhalation flow volume that occurs through the
nose and mouth. It was noted from questioning a number of
respirator wearers that most would breathe through their
nose during quantitative facepiece fit testing, but breathe

through their mouth while working. As a result, the three
breathing patterns chosen for study were as follows: inhala-
tion flow evenly divided between nose and mouth; all inhala-
tion flow through the mouth; all inhalation flow through the
nose. These levels were selected because they represent the
physiological limits (i.e., all nose or all mouth) and a reason-
able midpoint.

Measurement Sample Rate (SR)

Measurement sample rate, the last factor studied, deals with
the volumetric rate of sample through the sampling probe.
The three sampling rates chosen for study were: 1 L/ min; 2
L/min;and 3 L/ min. The purpose of studying sample rate is
to consider the sampling probe as an open duct with a
capture zone that could be defined by velocity contours.
Thus by varying the measurement sample rate and holding
probe diameter constant, the effect of different sizes of cap-
ture zones on sampling efficiency can be evaluated. The rates
of I, 2 and 3 L/min were selected because currently
employed in-facepiece sampling techniques most often use
sample rates in this range.

Methods and Procedures

Test Apparatus

The complete test apparatus is shown schematically in Fig-
ure 3. It consists of three major subsystems: acetone genera-
tion and storage reservoir; respirator test setup; and sample
collection and analysis.

The acetone generation and storage subsystem consisted
of a syringe pump, a dilution air source controlled by flow
controller and a vapor reservoir. The syringe pump and
airflow controller were calibrated. The mean acetone deliv-

TABLE Il
Data Summary of In-facepiece Sampling Bias Caused by Level of Effect for:
Probe Location; Probe Depth; Leak Site; Breathing Pattern; and Sample Rate

Level
Test of Range C.V. for
A ~ A A ~
Variable Variable n Ci+S.D. CitS.D. CtS8.D. C: (ppm) B(C1)+S.D. C:
N 27 151£1.8 149+7.6 116+£53.8 12t0 300 -22.31£35.6 46.4
PL M 27 151£1.6 149£8.5 1431:60.2 310242 -3.4+419 42.0
P 27 151+1.8 151+8.3 113+48.7 16 to 203 -24.2+34.0 43.0
o] 28 151£2.0 148+8.8 116+52.2 310242 -21.0+38.5 45.2
PD 25 30  151£1.7 150+7.9 1211540 1210236 -19.4+35.6 44.6
5 23 152+1.4 151175 139+60.5 191to 300 -7.71£40.7 43.7
CH 30 151417 14848.5 1544348 9310242 4.6+26.1 22.6
LS CK 26 151£2.0 151£7.5 133+34.9 77 to 208 -11.7124.0 26.2
N 25 151+1.5 14948.0 78+63.8 3 to 300 -47.2+43.0 81.6
EQ 27 161£1.7 149+9.2 130+44.5 58 to 237 -12.5+£29.5 34.1
BP M 29 151817 149+7.0 126+47.2 50 to 300 -16.0x£31.2 37.6
N 25 151+1.8 150+8.2 116+£73.3 3t0 242 -21.8+51.9 63.4
1 28 153£0.87 149471 126166.8 3 to 300 -14.91+45.0 52.8
SR 2 28  151%1.3 145+7.4 1244521 21t0242 -14.2+38.3 422
3 25 150+1.4 1551+6.6 122+464 16 to 236 -21.2+£29.5 38.0
TOTAL 81 151+1.7 150+8.1 1244554 3 to 300 -16.6+£38.1 44.7
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ery rate was 0.191 mL/min and the mean dilution air flow
rate was 4.9 L/ min. Under normal temperature and pressure
conditions the average vapor concentration of acetone, Co
generated by the system was calculated to be 12900 ppm.
On a daily basis the concentration of acetone was corrected
for variation in temperature and pressure.

The acetone-air mixture was plumbed into a 22-L reser-
voir which helped dampen fluctuations in the concentration.
The reservoir was allowed to exhaust to a hood and was
maintained at less than Y-inch positive water pressure.
Vapor was transported from the reservoir to the respirator
test setup via tubing. This tubing was then connected, as
appropriate, to each leak site on the faceseal perimeter.

The respirator test setup consisted of an MSA Comfo Il
half-mask respirator mounted on a headform by an airtight
seal. The respirator was equipped with organic vapor car-
tridges. The pressure within the facepiece ranged between 0
and approximately [-inch negative water pressure during
inhalation. The sampling probe used for the study has been
previously described."” The headform was plumbed to
accommodate airflow breathing patterns occurring either
simultaneously or separately through the nose and mouth. It
was attached to a breathing machine operated with a 622
workrate cam. The tidal volume, €/1, produced by the cam
was 1.6 L. During testing, the frequency of the breathing
machine was adjusted to correspond with each measure-
ment sample rate to produce a flow of approximately 32
Lpm. This resulted in breathing frequencies of approxi-
mately 19.4, 18.8 and I8.1 cycles/ min for the sample flow
rates of 1,2 and 3 Lpm, respectively.

To allow measurement only during inhalation, the exhala-
tion phase of the breathing cycle was routed directly to the
atmosphere and not through the respirator.

Leakage into the respirator resulted from the negative
pressure that occurred inside the facepiece cavity during the
inhalation phase of each breathing cycle. The leakage rate
was determined with a bubble flow meter to be 377, 370 and
363 mL/min respectively for 1, 2 and 3 Lpm measurement
sample rates.

The true concentration of acetone existing within the face-
piece cavity, Ci, for any given test is determined by Equation
3. Inthis equation, it is important to note that Qg represents
the total flow through the respirator, defined as V1 times the
breathing frequency. During in-facepiece sampling, how-
ever, a sample volume is drawn out of the respirator at a
specified rate Qs independently of Qg; therefore, the total
flow through the respirator during in-facepiece sampling
becomes (Qr + Qs).

This means that Cy will be different for each sample flow
Qsi(i= 1,2 0r3 Lpm) used in the study. As a result Equation
3 is modified as follows:

Qr + Qsi
Based upon Equation 7 and an overall root mean square
error analysis, the theoretical values of C1(PPM =3 standard
deviations) calculated for the 1, 2 and 3 Lpm sample rate
conditions were respectively 148 &= 8 ppm, 145 =+ 8 ppm and

C1:C0(
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. . ;
Figure 5 — Streamlines of faceseal leakage in a full facepiece
respirator made visible by the presence of smoke.

142 &+ 8 ppm. These predicted acetone concentrations were
used as standard concentrations values.

The sample collection and analysis portion of the system
consisted of a flow controller which controlled the sample
flow rate and a Miran® 1A Infrared Analyzer calibrated for
acetone. Use of a flow controller allowed easy control and
adjustment of the measurement sample rateto 1,2 or 3 Lpm.
The collected sample was diluted with clean air to produce a
final minute volume of approximately 10 L. The volume of
dilution air was also controlled by a flow controller. The
adsorbance response of the I.R. was recorded on a strip
chart recorder for future data reduction and analysis.

The calibration data points; adsorbance units vs. ppm,
were fit with a least squares regression line. The equation of
the calibration line was -0.62 + 0.45X, where X is the
observed adsorbance units. The coefficient of determination
(r*) on the regression was >0.99.

System Evaluation

While it was possible to predict the acetone concentration
present in the facepiece cavity, it was desired to confirm this
predicted value through experimental measurement. Such a
measurement would require that an unbiased sample be
collected from the system. Through experimental trial and
error, a sampling location was selected immediately outside
and behind the test head form in the plumbing leading to the
breathing machine. The concentration of acetone measured
at this probe location is identified as C.. For each test C; was
compared with the appropriate C; value determined by
Equation 7. The bias in the measurement of C1 was deter-
mined by Equation 8 using appropriate substitutions.
Based upon 81 tests the mean bias was found to be -1.1%
(C1<C1). The close agreement between C; and Crindicates
that the theoretical concentrations predicted by Equation 7
could be verified through experimental sampling and that G
provided a good estimate of Ci. Since C; could be obtained
readily during each test, it was used as the concentration of
acetone against which Cy; was compared. In addition, it
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served as an internal indicator of system integrity and
operation.

Test Procedure

The concentration of acetone measured via the current tech-
nique for in-facepiece sample collection is directly analogous
to the value Ci discussed previously.

From the concentration measurements CII and 61, the
sampling bias associated with in-facepiece sample collection
could be determined. The sampling bias was calculated from
the following expression:

B(Cp = (Ci- E/ € X 100 (8)

All tests were conducted in the same general format which
was to start the test by obtaining a measurement of Ciovera
period of approximately 4 min. The analytical system
was then flushed with acetone free air until adsorbance
readings returned to zero. The analytical system was then
conngcted to the sampling probe on the respirator to mea-
sure C1. This sample was collected over a period of approxi-
mately 6 min after which the analytical system was again
flushed with acetone free air until adsorbance readings
return to zero. Thena second Cy measurement was made for
approximately 4 min.

Results and Discussion

The results of several test sequences are presented in Figures
4A, 4B and 4C. They represent typical test runs and demon-
strate how the measurement of in-facepiece concentration
was influenced by the factors under study.

Curve A of Figure 4 demonstrates the results of the test
sequence where thé probe location is at the level of the
mouth; the probe depth is ¥ inch; the leak site is at the chin;
the breathing distribution is all through the mouth; and the
probe sample rate was 2 Lpm. The chart clearly indicates
that this particular combination of test variables did not
cause appreciable sampling bias.

Curve B of Figure 4 demonstrates the results of the test
sequence where the probe site is between the nose and
mouth; the probe depth is flush, the leak site is at the nose,
the breathing distribution is all through the nose, and the

TABLE lil
Predicted and Actual Concentration Values
from In-facepiece Sampling Over Inhalation
and Exhalation

A N

Observaton C; C€C C  B(C) B(C)

160 146 138 -0.14 -0.15
157 149 146 -0.07 -0.08
165 141 118 -0.28 -0.27
166 92 113 -0.32 -0.99
152 181 168 0.11 0.32
171 145 124 -027 -0.37

[« >34 ) I S /S B \ L I
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probe sample rate is 3 Lpm. This combination of variables
resulted in an estimation of the concentration of acetone
which understimated the actual concentration of acetone
inside the facepiece by 89%.

In Curve C of Figure 4 the probe site is at the nose; the
probe depth is !4 inch; the leak site is at the nose; the
breathing distribution is all through the mouth; and the
probe sample rate is | Lpm. In this test setup, the combina-~
tion of variables tested resulted in an estimation of acetone
concentration, which over-estimated the actual concentra-
tion of acetone inside the facepiece by 98%.

A data summary of Ci, Gy, 61 and /3(61) for each level of
test variable is presented in Table I1. The level of variable
represents the various sfates possible with each test variable.
The sampling bias [B(C1)] reported in the table represents
the bias observed at each level of the S test variables. Several
general observations can be made from the data. As pre-
viously mentioned, the first is the excellent agreement which
exists between Cy and Cy. The second is that the concentra-
tion measurements made via current in-facepiece sampling
technique consistently, with one exception, underestimated
the concentration of acetone within the facepiece cavity.
This would lead one, on the average, to over-estimate the fit
factor determined for a unique man/respirator combina-
tion. The third is that while vajues of Ciremained very stable
around 147 ppm, values of C; ranged from 3 ppm to 300
ppm. Statistical analysis of these data indicates that the
following factors had significant contributions to the sam-
pling bias observed with Cr:

1) Varying the probe location on the midline between the
nose, the area between nose and mouth, and the mouth;

2) Varying the position of the leak from between the nose,
the cheek and the chin; and

3) An interaction between breathing distribution pattern
and the site of the faceseal leak.

The coefficient of determination r? for the overall linear
regression model was 0.8, which indicates that a large por-
tion of the observed sampling error could be explained by
main effects and 2-way interactions. Because of the very
strong influence on sampling bias by leak site, sampling
probe location, and the interaction between leak site and
breathing pattern, any possible effects of the other main
factors and interactions were overshadowed.

The variability in the estimate of /C\I also demonstrates the
wide range of uncontrolled sampling errors that may be
occurring during quantitative facepiece fit testing and work-
place protection factor testing on negative pressure half-
mask respirators. The variability of quantitative facepiece fit
test results has been demonstrated time and again and dis-
cussed at great length. The general conclusion most often
put forward is that respirator fit is a function of several
factors (e.g. subject variability, fit variability, etc.), which
sufficiently explains the observed measurement variability.
The results of this study, however, suggest that a portion of
the variability associated with quantitative facepiece fit test-
i/r\lg may actually be due in part to the large sampling bias in

C1. This variability would result from the conditions created
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by randomly changing sampling probe locations, leak sites
and breathing pattern interactions that are inherent with
intra- and inter-subject fit testing. The effect of in-facepiece
sampling bias on variability of quantitative facepiece fit
testing results in perhaps more easily visualized by consider-
ation of fit factors instead of sampling bias. The estimated /fit
factor, FF, corresponding to each of the 81 values of C;
measured in the study can be calculated from the following
expression:

FF = Co/ 61 (9)

where Cp is 12 900 ppm corrected for daily variation in
temperature and pressure.

The true fit factor, FFr is determined by 12 900/ Crand is
equal to 85 (C; determined by Equation 7). The FF values
determined by Equation 9 were found to range from 44 to
4728. Analysis of the resulting distribution of FF values
indicated that they were not normally or lognormally dis-
tributed. The geometric mean was 124 with a geometric
standard deviation of 2.1. The arithmetic mean value was
213 with a standard deviation of 539. The geometric mean of
124 overestimated the true fit factor (85) by 150% while the
arithmetic mean overestimated it by 250%. In the last sev-
eral years quantitative facepiece fit testing has been advo-
cated as a means for assigning protection factors for specific
man/respirator combinations. Because the sampling bias
noted in this study resulted in large overestimates of true fit,
the use of fit factors determined by current quantitiative
facepiece fit testing to justify protection factors higher than
those currently recognized by NIOSH and others should be
cautioned.

Based upon the sampling biases noted with the measure-

ment of 61, it is hypothesized that material coming through a
leak on the faceseal perimeter is streamlining within the
cavity of the respirator. Further evidence for this hypothesis
was provided by visual observation made within the face-
piece cavity of a full facepiece respirator during the inhalation
phase of the respiratory cycle. A single leak was introduced
into the facepiece cavity between the interface of the respira-
tor faceseal and head form. Ventilation smoke was provided
to theleak and made the streamlines clearly visible as shown
in Figure 5. These streamlines may be more pronounced
with a particulate aerosol, such as ventilation smoke or oil
mist, rather than with a gas or vapor.

One noteworthy aspect of the methodology used in this
research is that the sampling bias estimates have been made
only when an inhalation volume was passed through the
respirator. The accompanying exhalation volume was not
routed back through the respirator. As a result, two impor-
tant questions can be raised in regard to the data. First, does
the cycling of both an inhalation and exhalation volume
through a respirator increase the turbulence of airflow on
inhalation and, therefore, decrease the sampling bias?
Second, would sampling during exhalation, after presuma-
bly complete mixing has occurred in the lung, reduce the net
effect of sampling bias during inhalation?

Visual observations, made of the leak streamlines in the
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full facepiece respirator setup previously discussed, demon-
strated that routing an exhalation flow through the respira-
tor did not appear to affect the leak streamlining produced
during inhalation. In regard to the second question we need
to consider the relationships expressed in Equation 3 and
Equation 4. Very simply expressed, sampling over inhala-
tion and exhalation can, to a varying extent, moderate the
effect of sampling bias experienced during inhalation. The
extent of the averaging would be dependent on the follow-
ing: ko; the sampling bias experienced during exhalation;
and the amount of loss in concentration due to lung reten-
tion. On our test system Ci is known, and ki, ks and 71, were
determined to be 0.47, 0.53 and 0.05 respectively, if we

assume § = 1, then a could be predicted and verified by
actual sampling on specific test setups where £ has been

determined. The predicted value of T was calculated as
follows: '

T = ki£1C1 + keba (1-nL)C

The predicted concentration measurement, T, and the

N
actual sampling measurement, denoted as C, associated with
selected test setups are given in Table 111. It can be seen from
these data that sampling over exhalation does moderate,toa
varying extent, the effect of sampling bias during inhalation.

—_ N
The somewhat large differences between C and C may indi-
cate that the initial assumption of £ = 1 may have been
incorrect for all specific test setups. This would suggest that
some sampling bias may also be occurring during exhala-
tion. It should also be noted that the moderating effect of
exhalation sampling will vary substantially as 1, varies.

Conclusions

The magnitude of sampling bias observed under the condi-
tions of this study, were from -99% to + 98%. The mean
sampling bias was -17%. This research demonstrates that
faceseal leakage is not mixing instantancously and uni-
formly within the facepiece cavity.

It is hypothesized that faceseal leakage is streamlining
within the respirator cavity during inhalation. The position
of those streamlines relative to the location and depth of the
sampling probe appears to be the major cause of the
observed sampling bias. This is in contradiction to the
assumption, often applied when doing in-facepiece sam-
pling, that good mixing is occurring in the facepiece cavity
during inhalation because of turbulent air flow in the mask.
The sampling bias associated with in-facepiece sampling
during inhalation may contribute to the variability often
experienced with quantitative facepiece fit results.

If confirmed through additional research, these prelimi-
nary findings bring into critical question the interpretation
and use of data obtained by the current in-facepiece sam-
pling technique employed in the U.S. Other implications of
this current research will be discussed further upon comple-
tion of research which is currently under way on two other
brands of half mask respirators. We are continuing the
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research to evaluate other variables such as differential leak
rate, multiple leak sites, differential breathing rate, and leak
site geometries and to develop an improved technique for
in-facepiece sampling.
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