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IDENTIFICATION OF FACESEAL LEAK SITES ON A HALF-MASK RESP|RATOR

RIEDAR K. QESTENSTAD,+ JIMMY L. PERKINS and VERNON E. ROSE

School of Publlc Health, University of Alabama at Blirmingham, UAB

Station, Blrmingham, AL 35294

A method has been deveioped to Identify the locatlion and shaps of
resplrator faceseal I(eak gltes by the deposition of a fluorescent
tracer. An asrosol generatlion, condlitioning and exposure system to
provide a test environment with stable aerosol concentration and slze
distribution of 4—matﬁyl-7-dlsthyIamlnocoﬁmarIn was designed and
tested. Faceseal leak sltes on a respirator mounted on a mannequlin and
worn by human sub)ects were Identifled by deposition of the tracer
asrosol and subsequent observatlon under longwave ultraviolet [lghting.
Test parameters were ldéntlfled for the optimal deflnition of leaks.

Photographlc techniques were developed to document the IdentIfied leak

sltes.

[ ] '
Supported by NIOSH Grant 1 RO3 OH2580-01.
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INTRODUCT [ON

This 1s the flirst of two papers which report the development and
application of a technique to Ident|fy faceseal leak slites on half-mask,
atr-purlfying resplrators. This paper descrlibes the aerosof and methods
which wers deveioped for thls purpose, and the tests conducted to
Ident Ify faceseal l!eak sltes on mannequins and human subjects. A
subsequent paper dlscusses the distributlions of leak sltes and shapes,
and thelr assoclatlon with faclal dimenslons for a panel of subjects
wearing one brand of half-mask rasplrator.(1)

The past two decades have brought slignificant advances In
resplrator research. Most of those have besen dlrected toward the
quantification of resplrator leakage through the use of quantitattive fit
testing. That technology has resulted In the development of the
assigned protectlion factor concept and its Incorporation Into the ANSI
288.2 Amerlcan Natlonal Standqrd for Resplratory Protectlon(Z) and OSHA
comprehensive health standards such as those for lsad and asbestos.ca)

However, few studles have been reported In which the Iinvestlgators
attempted to' Identify leak sltes on resplrators. In an early
qualltaflve fit test, coal powder was sprayed around the faceplece of a

respirator and leakage was ldentifled by observing the coal deposlited at

ieak slite(s).d

Later, a quantlitative fit test which could be modified to Indicate
leak sltes was reported.(S) This method used freon gas as a tegt agent
and a hallde meter to measure leakage. To ldentify leaks, a small

capllilary tube attached directly to a freon supply was moved around the



faceplece. When the caplllary was near a lsak slte, a strong deflectlion
of the meter was noted.

Using this method, the authors found that the [eakage of half-mask
resblrators varied substantlally, even on multiple tests wlth the same
Individual wearing the same mask. They stated that the differences In
flt were dus to varlabillty of leaks around the nose. No Indicatlion as
to the amount of this varlance, the degres of penetration, or the
prevalence of leakage around thé nose was provided, and ho other leak
sites were Indlicated.

Leak sites could also be Identifled by a method which utl!)zed
ﬁhotosensltlve paper placed_beneath tha faceplece and |light as a test
agent.(e) In this mathod, the paper was cut Into templates and placed
Inside the faceplece In h darkroom wlth photosafe Ilghts. The subjsect
then donned the resplrator, and a high Intenslity light was moved around
the faceplece. After the paper was devéloped, the locatlion and degree
of Ieakage was Indlicated by the presence of grey or black areas. Elght
subjJects wearing a half-mask resplrator and a dlsposable respirator were
tésted with this methed. It was noted that most leaks occurred around
the nose and c¢hin, and that leaks occurred over a large area of the
face. A Ilmitation of this method was that since light travels In
straight lines, It may not detect leaks that change directlon.

ldent|ficatlion of rasplrator leak slites with a fluorescent tracer
has also been reported.(T) In that method, a trace aercsol of optlcal
brightener was applied to the Immedlate area cof the resplratorrseal, and

aeroso] deposttlon at leak slites was documented by photographs taken

under ultraviolet (Uv) Illghts. Saveral types of half-mask respirators



with Imposed |Isaks were testad on a small number of subjects.
Quanfltatlve fit testing conducted [(mmedlately pricr to the fluoréscent
aeroscl test. The method was able to Identify imposed leaks wlith
corresponding flt factors up to about 200. Asrodynamic streamllining
within the resplirator faceplece was aliso observed In mannequln tests
using statlc (noncyclic) alrfliow, but not on any of the humén subjects,
The purpose of thls work was to develop a method to Identlify
facesea! leak locatlon and shape on human subjects while wearing a well-
fltting half-mask respirator by deposition of a test aerosol at the leak
and subsequent visual detectlion and photographic documentation.
Feasiblilty of thls approach was based on studies which had demonstrated
partlcl? depositlion at respirator leak sltes(8’9'10) and others which
demonstrated the abllity to detect very small quantitles of fluorescént
tracers deposlited on the skln.(11) Utllizing these findings, the
authors selected a sultable test materlal, constructed an aerosol

sxposura system, and developed photographlc techniques and a test

protocol.

MATER{ALS AND METHODS

The primary conslderations for selaction of a test agent were: 1)
that it be essentlally non-toxlc, 2) that very small quantities be
vislb[e on the skin, and 3) that It.could be gensrated In cohcentratlons
and partlicle slzes ﬁsed In current quantitative flt test methods which
employ aerosols. After a review of the physical, toxlcologlical and

optlcal properties of a number of fluorsscent compounds, the fiuorescent



whitening agent 4-methyl-7-diethylaminocoumarin (MDC) was seiected for

use In the study,(l1:12,13.14,15)

MDC Is a member of a famlly of fluorescent whitaning agents which
absorb energy from long-wave UV 1light (320-400 nm) and convert (it to
vigsible light In the biue reglon (430-500 nm). it binds strongly to
proteins on the outermost layers of the stratum corneum, and Is very
highly vislble under UV llights, Visible concentrations of MDC on the
skin may be as low as 10 Pg/cma.(11)

The aerosol generatlon, conditioning and exposure system used In
the study was patternsd after that of Burgess et al.(16) A schematlic
dlagram of thls system Is shown In Figure 1. Thls systém nebul lzed an
ethanol solutlon of MDC which was dried to produce a residual aerosol.
The statlc charge on the aerosol and ethanol vapor |n the carrler air
wore réduced before Introductlon Into the exposure chamber.

The nebullzer was a modlflcatlon of a deslign by Llu and Lee.(17)
It allowed for the constant feed of fresh solutlon to be nebullzed, thus
avolding an Increase In éoluta concantration and a corresponding
lncrease.ln the size of the resldual aorosol.(ia) The mass and stze
distribution output of the nebullzer was found to be very stable, but It
required a relatively high llquld feed rate of about 2 mi/min.

Spatlal and temporal measurements of chamber aerosol concentrations
were made wlth a Dynatecﬁ—Frontler forward |ight-scattering photometer.
Photometer outputs measured across the chamber In perpendicular 8-point
traverses were within t 4% of the mean value. Photometer outputs
measured at 1 minute Intervals over a 2 hour test run were found to

decrease s!ightly with time, but the value at the end of the test was



within 10% of the vaiue at the beginning of the test. Aerosol mass
concgntratloné In the test chamber were measured by gravimetrie
methods. Concentrations ware found to range from 18 to 50 mg/m3 under
var lous system’operatlng condltlons.

‘The aerodynamic slze distributions of the aerosol produced under a
varliety of nebullzef operating condlitions were measured wlith a'Marple
Parsonal Cascade Impactor. The Impac@or was operated at the upper Iimit
of Its operating range (5 L/min) with coated mylar Substrate.‘ The
sampiing condltlons used were within the I|Imlt recommanded for coated
mylar to control particile bounce.(1g)

The sampl[ng data from 17 tests were analyzed by a cascade Impactor
data reduction program whilch summarlzed cCunningham Correction Factor,
asrodynamlc cut slze, cumulative frequency, and Reynolds Number values
for each sfage. It also tested for a log-normal ‘dlistribution and
cajculatedla least squares regression curve, an aerodynamic mass medlan
dlameter, and geometrlc standard devlatlon,szo) The results of these
analysls revealed that the test asrosol had an average‘aerodynamlc mass
median dlameter of 0.55 fm and an average geometrlq standard deviation

of 1.6. These valuas were within those recommended In Appendix A of

ANS1 1788.2-1980 for quantitative (It testlng.(Z) and would Include

particles shown to be deposited In respirator Isaks by previous

studles.(a'9'1°)

The liquld aeroscl was dried In a heated tube, and statlc charge on
the particles was reduced by passing them through a neutrallzer
constructed to speciflcations of Carsey.(21)- Statlc¢ charge remalning on

the particles was not measured. However, It was noted that there was no



obgervabie accumulation of particles on ths chamber walls as would be
expected |f there were a high reslidual static charge.

The aerosol and carrler alr then passed throﬁgh two diffusion
coiumns packed with 8-12 mesh activated <carbon to reduce the
concentration of efhanol vapor. The concentratlion of ethanol vapor In
the test chamber remalned at about 700 ppm which required respirators
worn by test subjects to be equlpped with combination HEPA fllters and
organic vapor cartridges.

After Ileaving ths diffuslon drlers, the condltioned aerosol was
Injecied Into the chamber dilution alr. The dllution alr, which was
flltered through a tower packed with 8-12 mesh actlvated carbon and a
HEPA flliter, was blown Into the exposurs chamber at 0.2 to 0.25 malmin
with a varlable speed high volume blower.

The chamber was constructed of clear plexlglass and clear, flexible
vinyl. [t consisted of a rigld top 55 cm In dlameter on which two
concentrlc plexliglass rings were attached. The dlameter of the Inner
ring, which formed the chamber wall, was 46 cm. Wafls of the chambef
aﬁd the oxhaust.plenum were formed by flexible vinyl which hung from the
rings. A plastic shroud was added to outer wall to prevent aercsol from
escapling Into the Ilaboratory environment In uncontrolled alr currents
around test subjects seated In the test chamber.

OiHlution air and aerosol were Introauced through the two Inlet
ports in the top of the chamber and were distributed Into a shallow
plenum by Impactlon plates. They then passed through a é cm Jayer of
open cell polyursthane foam to Insurs a homogensous dlstributlion within

the test chamber. Alr veloclty through the test chamber was calculated



to be between 2 and 3 cm/sec at the dilutlon alr flow rates of 0.2 and
0.25 malmln.- Since these velocltles were below the range of avallable
anemometears, they were not verifled. However, smoke tube checks of air
flow within the chamber Iindicated that flow was evenly distributed

across the chamber and was laminar. Alr was exhausted to the outside

through the annulus formed at the bottom of the chamber wall and the

outside wall.

MANNEQUIN TESTS

The aerosol generating and exposure system was used with the MDC
aerosol to conduct a series of quantitative fit tests on a mannequtn té
determine If the method of Identifying leak sites was feasible. The
tests consisted of a pre-exposure phdtograph under ultravioliet |lghts,
fitting the mannequln head form with a half-mask resplrator equlpped
with high efficlency cartridges, exposure of the mannsquin to the MDC
aerosol, and a post-exposure photograph under uiltraviciet lights.

Alr. flow through the respirator was by both simutated respiration
and continuocus flow. Resplration was approximated with a pulmonary
resuscltator connected to the mannequin head. A respiratory minute
volume of about 8 L/mln was produced using this system. Thls was below
-the average resplratory minute volume of about 14 L/min for an adult at
a work rate of O kllogram-meter (0 Kg-M).(zz) At a result, a serles of
tests was also conducted at contlinucus flow of 15 I/mln‘througn the
mannequin. |

The mannequin head was prepared by coating with an opaqus latex

flim to ellminate fluorescent Interference. The pre-ekposure photograph



was made to conflrm the absaence of any Interfering materlals. Lighting
for the photographs was wlth 2 Spectroline Model XX-15N Iights with UV
transmitting fliters. Maximum emission wavelength for these |ights was
365 nm with a range of about 300 to 430 nm. The llight p?ovlded about
1.8 kW of ultraviolet Irradiation when placed at a dlstance of 35 c¢m
from tha mannequin face.

The photograpﬁs were taken with a Nikon FE camera using an RMC
Tokina 35-105 mm zoom lens and a Kodak 2E GelatIn Filter to remove
ultraviolet llight. Kodak Tri-X-Pan 400 [50 black and white flim pushed
to 1200 150 was exposed at 5.6f for 1.0 second for the pre-sxposure
photograph and 0.5 second for the post-sxposure photograph. The exposed
f1lm was developed anq printed with Kodak chemlicals. Speclal attention
was glven to proper time, temperature, agltatlon.'and chemical dilutlon
to enhance flim contrast.

A resplrator was mounted on the manpequin wlith a wira placed
between the faceplece and the headform to produce an artificlal leak.
" The mannequln was placed In the test chamber, the generator was started
-and the aerosol cbncentratlon In the test chamber was allowed to
equllibrate., Quantitative flt tests were c¢onducted using a Dynatech-.
Frontler Model 264 Quant!tative FIt Test System. At the concluston of
the tests, the resplrator was carefully removed and the mannequin head
agaln was |lfuminated with ultraviolet [Ight and photographed.

Tﬁe post-exposure photographs showed cilear evidence of aerosol
deposltfon at the locatlion of the artificlal ieaks. An example of post-

exposure photographs of the mannéquln Ils shown [n Flgure 2. It

Illustrates’ artifliclal leaks on both sides of the face with continuous
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alr flow of 15 L/min through the faceplece. Note the aeroso! depositlion

patterns Indicating aerodynamic streamlining Inside the faceplecs.

"HUMAN SUBJECT TESTS

Before human subject tests were Inltlated, minor modificatlons were
made to the generatlon and exposure system to provide hlgher and more
conslstent aeroscl concentratlons. Test duratlon to obtaln visible
depositlon of aarosol was astimated from chamber aerosol concentration,

"measured penetration, and respliratory mlinute volume. Using these
factors, humans tests were conducted for about 40 minutes at‘an average
MDC concentration of about 38 mg/ma. Uv llghting and photographlc
techniques were the sams except that a darkroom wlith mounted UV [Igﬁts
and a camera tripod were used to provide more consistent e;posure
conditions.

Test procedures for human subjects were developed from experlence
galned In conducting the mannequin tests. The protocel Included: 1)
screening of potentlal subjects, 2) anthropomsetric measurements, 3) pre-
exposure photographs,-4) resplrator fltting, 5) quantltative fit test,
and 6) post-exposure photographs. Crlterla' for selection of test
subjects were: 1) age between 21 and 50, 2) absence of any faclal
features which may have resulted In obvious resplirator leakage (creases
or folds In the skin, scars, sunken cheeks, or beards), and 3) absence
of any medical conditions which would put sub)ects at risk as a resuit
of wearing a respirator or being eiposed to the.test aerosol .

Fadlaf'anthropometrlc dimensions to be meaéured were developed from

1] 4 » »
a review of previous resaarch on resplrator anthropometry,(za 24,25,26)
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and consultatlion with the staff of Anthropology Research Projects, Inc,,
of Yeflow Springs, Ohio. Those dimenslions are |liustrated In Figure 3.
(27)

Prler to the pre-exposure photographs, sublects’ faces were wiped
with with alcohol! swabs to remove fluorescent matér[als, and the!r
clothing was covered with a black shroud to elimlnate Interference from
clothing. Thelr eyes were covered with opaque goggles whille exposed to
the UV Ilights.

After the pres-exposure photograph, the subjects were fltted with a
resplrator, and a negative pressure flt check performed. Care wasgs taken
not to disturb the faceplece until a;ter completion of ths fit test.
The resplrator used In the study was ths U.S. Safsty Serles 200 Half-
Mask whlch was avallable In small; medium, and large slzes. The
faceplece configuration was thought to be typlcal of most half-mask
resplrators. The slze worn by each subject was determlined by thelr face
length and |1p width. The respirators were probed for fit testing at a
point on the vertlical midline between the subjesct's nose and mouth.

The aerosol generating system was étarted and the chamber aerosol
concentratlon alIdWed t§ equlilibrate. The subjlects were carefully
fitted with the appropriate slze resplirator to Insure the best possible
fit. After 1t was observed that the subjects could breath through the
respirators wlthout difficulty, they were seated on a chailr with thelir
heads and shoulders In the test chamber.

Resal-time asroscl concentration In the test chamber and beneath the
respirator were measured with a Dfnatech Mcdel 264 Ouantitatlve FIt Test

Photometer. An Inlitlal check was made of the aerosol concentration
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Inside the respirator to Insure that the leakage was -less than 10%. The
test was stopped 1f leakage of less than 10X could not be attained after
adjustment of the faceplece, A standard quantitative flt test whie¢h
included head movement exercises and talking was performed.(a)

Integrated photometsr output for measurements In the test chamber
and beneath the resplrator were used to calculate flt factors. Undsr
these sampling conditions, fhe measured concentration Inslde the
resplirator would be less than that expectsed from leakage alone dus to
aeroso! measurement durlng exhalation. As a result, the measursd fit
factor woﬁld be hligher than the true fit factor. Fit factors were not

cqrrected for this blas, which has besn estimated toc be about 5% to 12%

by previous studles.(ze'zg)

At the conciusion of the test, the subjects weres removed from the
test chamber, and the respirator was carefully removed. Post-exposure
photographs to document vislible aerosol deposition were Immedlately

taken by the same procedure used for the pre-test photograph.

DISCUSSION

Leak sites which could be dgtected visually and by photographlic
methods were classiflied as to thelr locatlon (nose, cheek or chin) and
thelr one-dimensional shape (polint or dfffuse). Examples of post-
exposure photographs are showﬁ In Flgures 4 and 5. Note that the
deposited aerosol on the subject In Flgure 5 foliows a streamiining
pattern from the Ieak to tha subject’'s nostril. Streamlln]ng was
hypothes|zed as belng the cause of sampling blas In the determination of

(30)

flt factors. This observation conflrms that thls phenomenon occurs
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within the respirator faceplece worn by human subjects, gnd could
account for the vary high measured fit factor for this subject.

This study demonstrates the feasibillty of Identifying rerIrator
faceseal leak sites with an aerosol of MDC using the descrlibed
generatlion, condlitioning and exposure system. The system was found to
be capable of providing a cﬁnstant output of an aerosol with the desired
slze dlistribution characteristics. Sufficient deposition of the
fluorescent tracer to ailow visual detectlon of faceseal leak sites on a
mannequin and human subjects waé obtalned. Photographlic documentation
of ldentified leak sites Is presented.
| This method couid be used to determine the distributions of Ieak
sites and shapes for groups of wearers, for types of resplrators, for
varlious breathlng rates and Interactions of these varlables. Thls
infarmatlon may Identify an assoclatlion of critlcal faclal dlmenslon(s)
with resplrator flt or factal shapes whlich might bs accommodated by a

specific respirator type or confliguration,
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Figure 1 -- Aerosol gensration, condltioning and exposure system.



Flgure 2 -- Aerosol deposition on mannequin after exposure
with continuous alr flow.
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A. Blectoorbitale Breadth F. Subnasale-Nasion Length

B. Blzygomatic Breadth (Nose length)
(Face Width) G. Blocular Breadth

C. Blgonial Breadth H. Nasal Root Breadth

D. Menton-Naslon Length l. Nose Width
(Face Length) J. Lip Width

E. Menton-Subnasale Length K. Bitragion-Menton Arc
(Lower Face Length) L. Bitraglon-Subnasale Arc

Flgure 3 -- Faclal dimensions.



Flgure 4 —- Aerosol deposition on a subject with
a diffuse chin leak. (fit factor = 6Q0).
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DISTRIBUTION OF FACESEAL LEAK SITES ON HALF-MASK RESPIRATORS
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AND THEIR ASSOCIATION WITH FACIAL DIMENSIONS
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Faceseal lIesaks on one brand of half—mﬁsk respirator worn by 73 human
subJects wsearing were Identifled by deposition of a fluorescent tracer
aerosol durlng a standard quantitative flit test. The Identifled leaks
were categorized according to thelr faclal locatlon and shape. The
distributions of those categorles were determlined and the assoclation of
anthropometric facla[ dimensions wlth feak sltes were tested. It was
. found that about 79% of all observed leaks occurred at the nose or were
multiple leaks which Included the noss. About 73% of all lIeaks
approximated the shipe of a slit rather than a round orlifics. Maieé were

"much more likely to have sllt-llke leaks than females. Signiflcant

assoclations were found for 25%¥ of tha tests between faclal dimensions



and [eak slte subsats. Only two signiflcant associailons were found for
the faclal dimenslons used to deflne the Los Alamos resplrator test
panel. Gender was a factor In many of the sligniflcant assoclatlons.
The amount of leakage through chin leaks was found to be hligher than
leaks at other sites. Significant corralation of facial dimensions and
flt factor was found for thres facial dimensions; none of which are used
to daflne tﬁe resplrator test panel. Evidence of alr flow streamllnlng
wlthin the faceplece was obssrved on 22% of the subjects. Thls study
Indicates that gender Is a factor In how a respirator fits, and that
other faclal dimenslions shOU|d be conslidered In dsfining a resplirator

test pane!l and selecting a resplirator for an Individual wearer.



INTRODUCT ION

While thers has ©been extensive work conducted fo quantify
resplrator leakage, veky Ilttle has been reported on the slze and shape
of resplrator leaks. Yet recent developments In resplrator research
have besn based, Iin part, on assumptions about thess parameters. Also,
a slgniflicant assoclatlion of resplrator leakage wlth faclal dimenslons
used to define resplrator test panels - -has not ﬁeen supported In previous
studles, Thils would Indicate that other faclal dimensions may be
critical in defining a good resplrator faceseal. A better understandiné
.of this relationshlip Is critical since NIOSH has proposed to Include the
use of facial dimensglons test spaciflications for certifying
(1

resplrators. A method developed to Identify resplrator leak sltes’

has been used to study these parameters for human subJects wearing one
brand of half-mask, alr-purlfying resplrator.

Recently, several! models t6 predict resplrator leakage have besn
devaloped.(2'3'4’5) In these modsis, protectlon factors are predicted
by the ratlo of totatl alr flow Into the‘resplrator faceplece to alr flow
through faceseal Ileaks. In gensaral, élr fléw through the Ilesaks Is
determined by the eduailon Q = K X Pa. where Q = fiow rate and P =
resistance. The flow coafficient (K) represents the dimenslons of the
leak and varlous unlt converslon factors. | The exponent (a)
characterizes the type of flow and ranges from 1.0 for laminar fiow to

0.5 for turbulent floﬁ.



The valuess of both the flow cosefflclent and the exponent for a
glven leak are determined by its size and shape. These parameters for
facessal lsaks on humans are nhot known, but have bsen approximated by

(6,7.8) study using caplllaries as

capllilaries In some studies.
artificlal leaks found these models to be accurate wlithin the
restrictlions of assumptions about values of the coafficlent and sxponsant

for laminar flow.(e)

In the landmark paper on sampling blas in the determination of
protection factors, cablllarles were used as artifilclal Ieaks.(7)
Locatlon of leaks was selected only on the basls of experlence, and was
oche of the factors found to have a s!gnificant assoclatlon wlith sampling
blas.

Round tubes and wires placed in the facessal Were used to represent
leaks In a study to determinse flow characteristi¢s In resplrator
Ieaks.(a) It was obsarved that pressure drop vs. flow rate through
these types of leaks was nonllnear, Indicating that flow was changlng
from laminar to turbulent. Therefore, the value of the flow exponent
was changing. These changes were attributed to leak path geometry.
They noted also that flow rate was strongly Influenced by leak slze,
being proportional to the 2.7 power of I|eak dlametar for the leaks
tested.

A method to estimate resplrator fit by pressure decay IS also based
on predicted alr flow through round Ieaks.(g) In this study, the slze
of resplrator leaks Is predicted from the‘respirator cavity volume and
the rate ofr pressure decay. Alr flow Into the facepliece 1Is then

. determined from flow equations using the same ccefflclents and exponenfs

used In leak models. The authors acknowledge that flow Is dependent, In



part, on l|eak shape and addlitlonal work I|s needed to show the extent of

this dependence.

Anthropomsetric dfmensions ara an |Important consideration in the
deslign of resplrator facepleces.(1°) The effect of resplrator deslgn
and factial dimenslons on resplirator leakage was recognlized by
researchers at Los Alamos.(11) From extenslve quantitative flt test
data, they concluded that one typs or slze of faceplece could not be
expected to provide an adequate flt for an entlire working populatlion.
As a result, anthropometric test panels’deflned by face length and pr
width were established for conducting quantitative fit testing on half-
mask resplrators.(12) Data from subsequent fiIt tests utlllzing thesé
panels were used to establish assigned protectlion factors.(13)

The relationship between these faclial dimenslons and resplrator fit
was accepted but never valfdated by assoclatlon with resplrator
leakage. fhe assoclation of these dimenslons w!th protection factgrs
was tested, and a slgnificant correlation for 1lp width (p = 0.30) was
(14)

found but not for face length. However, the correlatlion coefficlient

was refatlively low (0.22), and the findings probably were limited by the
assumption that differences In faceseals did not contribute’
slgniflicantly toward var[ance In protection factors.

The aésodlatton’ of |ip width with resplrator leakage was also
tested as part of a study of workplace protection factors In a copper
smeiter. '3 No significant assoclation was found between thls

dimenslon and the average protectlon factor for each worker. However,

this result was |Imited In that It was based on a small sample size (N =

9).



- MATERIALS AND METHODS

The purpose of this study was to determine the distribution of
faceseal leak sites on a group of 73 subjeéts wear Ing one brand of half-
mask resplrator, and to test the assoclatlon of the Identified leaks
with the subjects’ faclal dimenslions. Each subject was tested one time
according to a protocol developed to ldentify leaks by the depecsitlion of
a fluorescsent tracer‘aerosol at the leak slte.(16) The test protocol
Included: 1) measurement of faclal dlmenslons, 2) pre-sexposure
photograph, 3) flitting wlth a resplrator and pressure check, 4)
performing a quantlitative flt test according to an ANS| recommended
method.(17) and §) post-exposure photographs and classiflication of
observed leak sltes.

The resplrator used In the study was the U.S. Safety Serles 200
Ha!f-Mask which was avallable In small, medium, and large slzes. The
faceplece size was selected for each subject according to thelr face
length and 1ip width, The resplrators were carefully fitted to assuras

the best possible faceseal. SubJects who had faclal features whlich

would result In obviocus leak sltes or who could not attain a protection

factor greater than 10 were not used In the study.

The faclail dimenslons |llustrated In Flgure 1 were measured wlth
sllding and spreading calipers and steel measuring tape. Identlfleatlon
of faclal landmarks and measurements were made by one Investigator
according to tralning prov;ded by the staff of Anthropometry Research
Projects, Inc. of Yellow Springs, Ohlo. Before any measurements were
made In the study, three sets of measurements of the 12 selected

dimenslong were psrformed on a pane! of 10 sublects. The purpose of



thesse measurements was to develop experience In locating faclal
landmarks and making measurements, and to determins the rellabl|ity of
the Investlgatcr’'s measurement technlques.

Data for each dimenslon were analyzed by a fwo—way analysls of
var lance (two-way ANOVA).(18) As expected, the Dbetwesen-subject
varlatlion was slgnificant for all dlimenslons. There was also
significant between-test variatlon for blectoorbitale breadth (p =
0.049), subnasale-naslon length (p = 0.013), and'llp width (p = 9.042).
A graph of the reslduals for these dimenslons Indicated that, In each
cass, onha subject had observatlons ﬁhlch deviated from the mean more
than any of the other subjects. These results were considered adequate
relative to expacted Inter—observatlon varlabliity ldentiflaed In

a"thFODolOglcal.stud|as.(19-20)

Measurement conslistency was also evaluated during the study by
measuremants of the 12 dimenslons 'pérformed on a control sublect at
selected Intervals. These obssrvations were plotted on Shewhart Quality
Control graphs, and no trends or values outslde the two standard
devlation control 1Imits were noted.''®

Identifled leaks were classifled according to thelr location and
shape. Leak slite catsgorlies were around the ﬁose. on the cheeks, under
the chin, or a combination of more than ons of thoée sites. There Ware‘
elght possible categorles of single or muitlple leak sites. Leak shapes
ware elther polnt or diffusa: polnt leaks were whose qn whlich the
aerosol was dsposited on a small cross sectlonal area (less than 1
cm.)of the face, and diffuse leaks were thdse where the aerosol was

deposited over a large area (greater than 1 cm.)



Data recorded onleach sublJect Included resplrator slze, subject
demographl¢e Informatlon, faclal dimensions, quantitative fIt test
results, and leak slte and shape classiflcations. Data were entersd
{nto a spreadsheet, and appropriate parametric and nonparametric
statistlical analyslis pefformed using True Epistat Statistleal

(18) :

Software. Two-talled tests of hypothesis were performed using an

alpha value of 0.05.

Deslignatlon of leak sltes was consldered as a multinomlial random
varliable. The sampls distribution was compared to the muitinomlal
distribution uslng the chi-square goodness-of-fit test wlfh the null
hypothesis that each of the elght leak slte categorlies was equalfy
llkely to occur (pI - 0.125‘for | = 1,2,...,8). (21) With 73 subjects, a
minimun dlfference of‘ 0.115 could be detectsd betwsen the null
proportlon and an observed proportlion of one type of leak shape at an
alpha value of 0.05 and a power of 0.85. Given that a lsak occurred,

leak shape was a dlichotomous varlable whose distribution was assumed to

be binomlal.

RESULTS

SubJects Inciuded unliversity students, staff and faculty who
voluntsered to participate In the study. Thelr average age was 30.6
yearg, and rangsd from 21 to 50. Ten of the subjects had experlence In
wearing resplrators |In workplace settings. The gender and race
distribution of the sample Is shown In Table |I.

Figure 2 Is a plot of the dispersion of test subjects according to
thelr face length and flp width relatlve to the Los Alamos resplrator

(12)

test panel. Afthough It follows the same general pattern, factal



dimension dlstributlon of the sample |s skewed to the upper right of the
test panel. This difference could be attributed to true differences
between the populations used to establish the panel and the sample

population, or to systematlc differences |n measurement technique by the
Investigator.

Table 11 summarizes observed respirator leak sltesvfor all subjects
and gender subssts. Statlistical analysls of race subsets was not
consldered approprlate because of the small number of subjects in these
groups. It s very obvious that, for all sublects, the leak categories
with the highest proportions were those at the nose and those which were
multiple leaks Involving the nose and chin. The chl-square goodness—of-
11t test varified that all categorles ware not equally llkely to occur
(p <« 0.0001).(18) Frequencles for all other categories were less than
thelr expected values. About 79% of all sub]écts tested had leaks at
the nose or multiple leaks which Included the nose. Approximately»51%
of the subjects had leaks at the chin or multiple leaks tﬁat lnciuded
the chin. Only about 19% of the subjects had !eaks at_tha cheek of
multiple leaks which Included thq cheask,

The leak site distributions for males and females aiso were tested
by the chi-square goodness-of-fit test.(ja) As In the overall resuilts,
‘slgnificant differences exlﬁted In the categorlies of nose leaks and
nose\chIin |eaks. Male and female leak slte dlstrlbutlons‘ also were
compared to sach other using an extended Flsher's exact test and were
found not to be signlficantly dlfferent.(zz)

Observed Ieék shapes are summarized In Table IIl. A total of 110

leaks were observed on 73 subjects. When mere than one leak occurred on
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the same subject, the shaps of one was found to be Indspendent of the
other leak by Flsher's exact test (p = 1.000).(18) For all subjects, It
was found that the proportion of dlffuse leaks (0.727) was élgniflcantly
greater than 0.5 by the one-sample blnomlal test (p < 0.0001).(18) The
proporglon of §Iffuse leaks for males was 0.822 and for females was
0.630. Howsver, only the observed proportlion of diffuse leaks on males
was slgnlflcantly different than 0.5 (p < 0.0001). A chl-square test
for Independesncs found that that males were significantly more llkely to
have diffuse leaks than females (p = 0.041).(1®)

Subsets were formed of subjects with a primary leak type Iﬁ
common. All of the subjects wlthout the leak site(s) of Interest were
comblned to form compar!son subsets. Because of small numbers, some
subsets were not testéd. and only limited tests could be performed on
others. The leak slite subsets tested are llisted Iﬁ Table 1V.

A subsst of subjects with alr Tlow streamiining was added to the
faceseal leak slte categorles. Streamliining was hypotheslized by Myers
et al/. as being the cause of the blas which they had ldentifled In thelr
manneduln study of in-faceplece sampling factors.(7) Visual evidence of
streamlining was found from ae;osol deposition patterns on 16 subjects
Iin thls study (13 females and 3 males). All but one of the streamllining
leaks were nosa leaks. These_patterns originated at the facaeseal leak
site and followed relatively stralght iines to the subjects’ noses or
mouths. Subjects with these patterns were treated as a ssparate sﬁbset
chause of the impllicatlons of this phenomenon on the validity of Iﬁ-

faceplece sampling for the determination of fit factors.
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The means for each faclal dimenslon of subjects In a leak $Ité
subsét were comﬁared to the mean of all other subjects using a Student’'s
t~test(18] or Wlicoxin’'s Rank Sum Test.(18) In additlon a two-way ANOVA
was performed for each dimenslon uslng gender, leak site, and thsir
Interactlons as the Independent varlables, and faclal dimension as the

depsndent varlable. 1%

By deductlon, It was assumed that a dlfference
in a dimension was attributed to gender If 5 signiflcant difference was
found In the two-sample test but not In the two-way ANOVA. The results
of these analysis are shown In Table V.

Because of small sample humbers, race was not Included In the
énalysls., Howsver, an extendsd Flsher’s exact test found that race
distributions were not s]gnlflcantly different for any of the comparison

(22)

subsets. Therefore, It was assumed that race would not affect the

outcome of the two-sample tests or the two-way ANOVA.

In summary, only nose wlqth was founq to be signiflicantly different
In the comparliscns of the single leak subsets of nose only, cheek only,
and c¢hin only. Nose wfdth was found to bé signiflcantiy different In
four of the elght comparisons. Significant differences |n threa sets of
compar lsons were found for blectoorbltale breadth, blzygomatlic breadth,
bjgonlal breadth, bltraglton-menton arc, and bltraglon—subnasale arc.
- Only two stgniflcant dlifferences weare observed for the two dimensions
uéed to define the Los Alamos resplirator test panel.(12) Face length
{menton-nasion lsngth) was found to bé significant In only‘ fwc
comparlsons, and 1llp wl&th was hot signliflcant In any of the

compar lsons.
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Of the 24 significant dlifferences observed, 17 were attributed to
differences In gender. These results would Indlcate that gendsr Is an
Important factor In the locatlion of respirator leak sltes. In most
cases, the signiflicant dimenslon was smaller thus Indicating the
difference was related to female dimensions.

Measured fit factors were recorded for each subject as part of the
quantitative flt test and exposure to the fluorescent aerosol. Observed
values ranged from 21 to greater than 50,000 wlth a geometric msan of
3060. The dlstributlon of these values was found to bs log-normal by

.the Koimogorov-Smirnov one-sample test.(1a) These data Indlicate that
tha subjects were able to obtaln exceptionally gﬁod faceseals and In all
cases the values exceeded the assigned flt factor of 10.(23) IHowever,
Interpretation of these data are condltlional because of the possiblilty

of blas In flt factor measurements dus to aerodynamlé streamiining
(7)

ldentifled by Myers et al. and the evidence of that phendmenon

obsserved on some sublects In this study.

The significance of differences between flt factor geometric means
of varloue groupe were tasted by Student’'s t-l.ut.(1a) There were
differences between the geometric means for males and females, subjects
with point leaks and those wlth diffuse leaks, and subjects wlth alr
fiow streamlining and those wlithout, but none were signiflicant.

Results of comparisons of mean flt factors for subjects In the
varlous leak slte subsets are shown In Table VI. The geomatrlc means
for the chin l|eaks only and nose/chlin leaks were signiflcantly lower
than the]r compar ison subsets. This would Indicate ihat aerosol

penetration through chin leaks |Is much greater than through leaks at
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other slites. These results are similar to those found In a study of
particle slze-dépendent losses at leak sltes.(24)

The assoclatlon of .each. faclal dlmenslon and flt factor was
measured by Pearson’'s of Spsarman‘s correlation coefflclents.(18)
Coefflclents were calculated for all sublects, by gendef, for subjects
with alr flow streamlining, and for all of the leak slite subsets.
Coeffliclents which were significantiy different from 0.0 were found In
only slix groups. Those results are summarized In Table VII. Menton-
subnasale length and nasal root breadth were found to have significant
coefficients In four groups. ‘It Is noted that no significant
correlations were found for the dimenslons used to deflne the Los Alamos
(12)

resplrator test panel.

D1SCUSSION

Results of this study Indicate that about 79% of all subjects
wear ing one brand. of half-mask resplrator had faceseal leaks at the nose
or multiple Ileaks which Included the nose. About 51% of all the
subjects tested had leaks at'ihe chin or multiple leaks which Included
the chin, while only about 19X had Ieaké at the cheek or multliple leaks
which [ncludéd the cheek. The dlistributlion of leak sltas on male and
female subjects were not significantiy different. Approximately 73% of
isaks on all sub)ects were diffuse, althoﬁgh females were found to have
a slgnificantly smaller proportion of d]ffuse leaks than males (63% vs.
82%).

The assoclatlbn of the 12 measured faclal dimenslons wlth elght
leak slte subsets were also tested. Statistically signiflicant

assoclatlions wers found In 24 of the 96 tests. Of these dimenslons, 75%
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ware smaller than thelr comparison groups. About 71% of the signliflicant
differences were attributed to differances In gender. About 58% of the
dimenslons wlth slignlflcant assoclatlon were face wlidth measurements,

about 17% were face length measurements, and about 17% were arc
measurements.

Of the two dimensions used to deflne resplirator test panals (face
length and |ip width) only face Iengtﬁ was significantly assoclated wilth
two leak slte subsets. This lnﬁlcates that these dimensions may not be
good criterla for selecting respirators or predicting resplrator
leakage. Previous studies atlso falled to Indicate an assoclatlion
between resplirator leakage and these dlmenslons.(14'15)

The prevalenca of nose leaks observed In this study (78%) followed
the 1imited observations of two previous studles which Identifled

faceseal leak sites by other methods, 2%+28)

In addlitlon, nose
dimensions (subnasale-naslon length, nasal root breadth, anq nose wldth)
compr ised 25% of the signiflcant associations of faclal dimenslion to
leak slite category. Nasal root breadth also had signiflcant correlatien
coefficlents with flIt factors for four groups of subjects. These
results would Indicate that nasal dimenslons should be consldered In
defining resplrator test paneis and In the slzing and salectlon of
'resplratofs for Individual wearers.

Based on qbserved deposlt}on patterns, diffuse leaks were
considered to approximate sllits, and polint leaks to approximate round
holes. These shapes would have Implicatlons on the leak flow equaticns

used In respirator leak models,(2*3:4:5?

faceseal Ieaks.sg)

and the pressure decay through

Due to the high prevalence (73%) of diffuse leaks,



15

~approprliate sequations may be those that represent flow through slits
rather than round holes,

A sligniflcant observatlon (n thls study was the pressnce of vary
heavy aerosol depositlion along alr flow streamline patterns on about 22%
of the subjects tested. All of these patterns orliglinated from polint
leaks and followed a relatlvely straight tine to the subJects"nostrll
or mouth, and all but one were nose leaks. It 1s not known If
streamiining does not occur wlth diffuse leaks or, If It does, that the
test was not sensitive snough to detect It. Subjects with streamlining
leaks were gignificantiy smaller In 10 of tHe 12 féclal dimensions
haasured, and B1% were female. Streamlining was hypotheslzed as causing

blas In the msasuremsnt of fit factors in laboratory mannequin
(7)

studles. This study conflrms that thls phenomenon occurs on human
subjects.
Certaln condlitions known to affect the -faceseal leakage of

resplrators were not addressed In this study. These conditions limit
conclusions which can be made from this study and should be addressed In
further research, Condlitlons which may affect leak locatlon or shape
ares: 1) diffarent brands- and models of half-mask resplrators, 2)

Intrasubject ieak varlabillty, and 3) sublect breathing rates at higher

work rates.
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" TABLE |

Gender and'Race Distributlon of Test Subjects

Race Male Female Total
Aslan 7 2 )
Black 3 6 9
White, 25 25 50
Other 4 1 5

Total a9 34 73

L ]
The race category of "Other" Included Hlspanlcs
and Aslan Indlans.
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TABLE 11|

Observed Resplrator Leak Sltes for Ail Subjects

and Gendsr Subsets

All Gendesr

Leak Slite SubJects (%) Male (%) Female (X%)
Nose 24 (32.9) 13 (33.3) 11 (32.4)
Cheek 6 (8.2) 4 (10.2) 2 (5.9)
Chin 6 (8.2) 3 (7.7} 3 (8.8)
Nose & Cheek 4 {(5.8) 3 (7.7) 1 (2.9)
Nose & Chin 26 (35.8) 11 (28.2) 15 (44.1)
Cheek & Chlin 1 (1.4) 1 (2.8) 0 {(0.0)
Nose, Cheek & Chin 4 (5.5) 2 (5.1) 2 (5.9
None Detectad 2 (2.7) 2 (5.1) 0 (0.0)
Total 73 39 34
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TABLE 111

Observed Leak Slte Shapes

Leak Shape
Subset Polnt (%) DIffuse (%) Total
All Sublects 30 (27.3) 80 (72.7) 110
Male 10 (17.8) 46 (82.2) 56
Femala 20 (37.0) 34 (63.0) 54
Black 2 (18.2) "] (81.8) 11
Orlental 3 (23.1) 10 (76.9) 13
Whlte 24 (30.0) 56 (70.0) 80

Other 1 (16.7) 5 (83.3) 8




TABLE IV

Leak Site Subsets Tasted for DIfferencsas Iin Faclal DIimenslons

Leak Sites
included In the Number of
Test Subset Subsets Subjects
- Nose Leaks Only Nose 24
All Nose Leaks Nose 56
Nose-Cheek
Nose-Chln
Cheek Leaks Only Cheek ‘ 6
All Chesk Leaks Chesk 15
‘ Nose-Chesk
Chesk-Chlin
Chin Leaks Only Chin 6
All Chin Leaks Chin 37
Nose-Chin:
Cheek-Chin
Nose-Chin Leaks Nose-Chin : 26
Streamlining © Sublects wlth 16

Aerodynamic Streamlining
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TABLE V

Faclal DImensions wlth Signiflcant Associatlion with Leak Sltes

Dimenslion

Nose Al Cheek All Chin All Nose- Stream-
Leaks Nose Leaks Cheek Leaks Chin Chin IlIning
Only Leaks Only Leaks Only Leaks Leaks Leaks

Blactoorbltale
Breadth
Blzygomatlic
Breadth
Bligonlal
Breadth
Menton-Naslcn
Length
Menton-Subnasale
Length
Subnasale-Naslon
Length
Blocular
Breadth
Nasal Root
Breadth
Nose Width

Lip Width

Bltraglon-Manton
Arc

Bltraglon-Subnasale
Arc

G2 G2
2 @ G
Al 62 2
G G2
Q2

R
<2
&2
Al a2 62 ¢
e a2 a2
a! A2 A2

A - Signiflicant difference for all subjects In the test group.

G - Significant difference for subjects In the test group affected

by gender.

1Dlmenslon In the test group was sfgnificantly larger than the

compar lson group.

2Dlmenslon In the test group was slignificantly smaller than the

compar.ison group.
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TABLE VI

FIt Factor Geometric Means of Leak S(te Subssts

Subset Compar 1son
Number In Geometrlc Subset t-test
Subsat Subset Mean Geometr lc Mean - p valus
Nose Leaks Only 24 5210 2360 - 0.066
All Nose Leaks 58 2640 5460 0.148,
Nose/Chin Leaks 26 1590 4400 0.015
Cheek Leaks Oniy - 6 4020 2880 0.659
All Chesk Leaks 15 2830 2830 0.998
Chin Leaks Only 6 2930 3080 0.850,
All Chin Leaks 37 1810 4580 0.01¢
StreamlIining Leaks 15 1410 3810 0.148

Signiflcantly different at « = 0.05




TABLE VI |

Faclial DImenslons with Signiflcant
Corrsliation Cosefficlents to Flt Factors

27

Nose AT ATT
All Leaks Nose Chin
Facla! DIimension Subjacts Males Fsmales Only Leaks Leaks
Menton-Subnasale 0.322 0.431 0.290 0.3861
Length :
Blocular 0.234 0.250
Breadth ’
Nasal Root 0.285 0.336 0.467 0.308

Breadth
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A. Blectoorbitale Breadth F. Subnasale-Naslon Length

B. Bizygomatic Breadth (Nose length)
(Face Width) G. Blocular Breadth

C. Bigonlal Breadth H. Nasal Root Breadth

D. Menton-Naslon Length - . Nose Width
(Face Length) J. Lip Width

E. Menton-Subnasale Length K. Bitragion-Menton Arc
(Lower Face Length) L. Bitragion-Subnasale Arc

Flgure 1 -- Faclal dimenslions.
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