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ABSTRACT 

An automated system for quantitative respirator fit 

testing by negative pressure was evaluated by comparison 

testing with a computerized aerosol fit test system 

(Dynatech Frontier Model 260A). The new negative pressure 

system measures leakage flow while inspiratory pressures are 

sustained within a respirator facepiece rather than by 

pressure decay. Four phases of comparison testing were 

graduated by level of control, ranging from non-subject 

tests with hypodermic needle leakages to fit tests of 125 

Air Force personnel. 

Throughout the series of tests, negative pressure fit 

factors were consistently more conservative than aerosol fit 

factors and showed less variability. Leakage flow rates 

measured by the negative pressure instrument were highly 

correlated with leak needle cross-sectional area, as 

predicted by principles of air-flow physics. Comparison of 

subject and non-subject generated aerosol fit factors 

indicated significant aerosol losses possibly due to 

streamlining and respiratory tract deposition. Negative 

pressure fit factors were not affected by these subject-

related losses. 



INTRODUCTION 

Respirator use is an established means of protection 

against airborne contaminants in both industry and military. 

However, the effectiveness of a respirator in protecting a 

worker cannot be taken for granted. Selection of the proper 

type of respirator is not enough to ensure protection. The 

respirator must also be properly fitted, or it will be of 

little or no value. For this reason, it is essential to 

perform respirator fit testing. 

Leakage of Negative Pressure Respirators 

Negative pressure respirators are those in which air 

pressure inside the facepiece is negative during inhalation 

with respect to ambient air pressure. Facepiece pressure 

becomes positive during exhalation. Each time negative 

pressure is generated during the breathing cycle, the 

direction of air flow through leaks will be inward. Leakage 

air enters the facepiece of the respirator without being 

purified and reduces the effectiveness of the respirator. 

Leak sites do not present the same problem with 

positive pressure respirators which constantly maintain a 

facepiece air pressure that is positive with respect to 

ambient air pressure. If leaks are present, the direction 

of air flow through them is outward. The outward stream of 

air effectively prevents contaminated air from entering the 

facepiece. 
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Table 1 categorizes the types of respirators according 

to negative pressure/positive pressure during inhalation. 

Negative pressure respirators include all non-powered air-

purifying respirators. Negative pressure is necessary in 

these respirators to draw air through the air-purifying 

elements. Demand mode supplied-air respirators, demand mode 

self-contained breathing apparatus (SCBA) units, and hose 

masks without blowers are also negative pressure respi

rators. A valve regulator in these respirators permits 

clean air from a remote source to enter the facepiece in 

response to a certain level of negative pressure. 

Table I: Classification of Respirators According to 
Facepiece Air pressure (Pritchard, 1976) 

Negative Pressure 

Non-Powered Air-Purifying Respirators 
Demand Supplied-Air Respirators 
Demand Self-contained Breathing Apparatus 
Hose Masks Without Blower 

Positive Pressure 

Powered Air-Purifying Respirators 
Continuous Flow Supplied Air Respirators 
Pressure-Demand Supplied Air Respirators 
Pressure-Demand Self-contained Breathing Apparatus 
Hose Masks With Blower 



Bow contaainant• Ptnttratt a ltspirator 

Airborne contaminants penetrate into a respirator 

facepiece by three primary routes: 

1) Breakthrough of the air-purifying elements or 
impurities coming from the external air supply. 

2) Valves or other component parts that are 
deteriorated and malfunctioning. 

3) Faceseal leakage due to improper fit. 

The service lifetime before breakthrough for chemical 

cartridges has been reported by Nelson and Correia (1976). 

Standards for air quality of an external air supply and 

regular maintenance of component parts are stipulated by the 

Occupational Safety and Health Administration (1988). 

Conscientious maintenance coupled with available technical 

knowledge make the first two routes of penetration readily 

controllable. Contaminant penetration by the faceseal 

pathway is the most critical source of leakage that affects 

the protection of the respirator wearer. 

cause• of Pactstal Ltakaqt 

The leakage pathway between the wearer's face and the 

respirator's facepiece is a function of four elements. 

Qesiqn and Size of Respirator Facepiece. Respirator 

fit depends on the design and size of the facepiece because 

a given facepiece fits only a narrow range of the facial 

morphologies found in the United States. Anthropometric 

measurements of the faces of male and female workers in the 

13 



United States show wide variations in the size and shape of 

human heads (Hack and McConville, 1978). Unfortunately, 

there are a limited number of sizes and designs of respi

rators available. Ellison (1988) reported a lack of 

facepieces designed to fit the contours of workers having 

certain ethnic (eg. asian) backgrounds. 

Other design problems include facepieces made of rubber 

or plastic whose hardness prevents a good seal to the face. 

The design of respirator straps is also a critical factor in 

respirator fit and resulting faceseal leakage (White, 1978). 

Facial Characteristics of the Wearer. Many facial 

characteristics besides the basic contours affect respirator 

fit. These include deep wrinkles, absence of teeth, scars, 

growths, and hair. A moustache, a beard, a low hair-line, 

sideburns, or bangs can prevent a tight face-to-facepiece 

seal (Que Hee and Lawrence, 1983). Hyatt et al (1973) 

reported that as much as a ten-fold reduction in respirator 

performance can occur during the first day of facial hair 

growth following a shave. 

Training of the Wearer. Proper training in fitting and 

adjusting respirators has been shown to be a significant 

factor in respirator fit. White and Beal (1966) reported 

that when respirators were self-fitted, 68% of the wearers 

tested showed leakage of less than 0.5%. When the same 

respirators were fitted by an expert, 94% of the wearers 
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showed less than 0.5% leakage. 

Wearer Acceptance of the Respirator. The degree of 

worker acceptance of a respirator relates to how comfortable 

the respirator is to wear. If a respirator is uncomfort

able, a worker is likely to wear it in a loose manner or to 

frequently adjust the straps, both of which contribute to 

faceseal leakage. Everyone who wears a respirator exper

iences some discomfort. Besides the obvious discomfort of 

headstrap tension and the weight of the respirator, wearers 

may experience increased breathing resistance, thermal 

stress, headaches, skin irritation, ingrown hairs, and 

inflamed sebaceous glands (Raven et al, 1979; Johnson and 

Cummings, 1975). As a consequence of these factors, the 

willingness to wear respirators properly can be lacking, and 

the quality of the face-to-facepiece seal becomes 

questionable. 

Leakage Evaluation bv Respirator Wit Testing 

The many factors which cause respirator fit to be 

variable establish the need for respirator fit testing. 

Even though a respirator is tested, certified, and is 

assumed to provide a certain degree of respiratory protec

tion, its goodness-of-fit must be proven on the individual 

prior to use. 

Fit testing is not only good industrial hygiene 

practice, but is mandated by Federal law (OSHA, 1980). 29 
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CFR 1910.134 is the General Industry Standard on Respiratory 

Protection. Section (e)(5) stipulates that an employer must 

provide adequate fit testing to demonstrate that a respi

rator issued to an employee has a satisfactory face-to-

facepiece seal. Respirator fit tests vary widely in degree 

of sophistication and reliability, but they can be generally 

categorized as either qualitative or quantitative. 

Qualitative Respirator Fit Testing fOLFT). Qualitative 

fit testing depends on sensory detection by the respirator 

wearer to evaluate leakage. A challenge agent is generated 

outside the mask, and fit is determined by whether or not 

the wearer can sense the challenge agent inside the mask. 

Common challenge agents include banana oil (isoamyl 

acetate), saccharin, and irritant smoke. Positive and 

negative pressure tests constitute another type of qualita

tive fit testing. Qualitative fit test procedures have been 

reviewed by Eroh (1986) and Marsh (1984a,b). 

Qualitative fit tests have the advantages of being 

portable, easy to administer, and cost-effective. However, 

QLFT has the disadvantage of providing only limited infor

mation about respirator fit. Different persons have been 

shown to have different sensory thresholds (Hardis et al, 

1983). Instead of a numerical assessment, QLFT can judge 

only on a pass-or-fail basis. This results in the inability 

to distinguish the better fitting of two respirators when 



both have an adequate fit as determined by the qualitative 

fit test. 

Another disadvantage of qualitative fit testing is that 

the results depend on the subjective evaluation of the 

respirator wearer. With the exception of the irritant smoke 

test, which is subjective only on the conservative side, a 

person can say that he passed a qualitative fit test when he 

really failed (Hardis et al, 1983). For example, if 

olfactory fatigue occurs during a banana oil test, the 

respirator wearer may be incapable of detecting actual 

leakage. He may falsely assume that the respirator fits 

when it actually does not. 

Inherent subjectiveness and the lack of numerical 

results limit the usefulness of qualitative fit testing. 

For example, federal regulations governing industrial 

exposures to lead state that qualitative fit testing may be 

used only when the airborne concentration of lead is less 

than ten times the permissible exposure limit (PEL) of 50 

ug/m3. When lead exposure exceeds this level, quantitative 

respirator fit testing is required (BNA, 1982). 

Regulations also stipulate that asbestos exposures exceeding 

ten times the PEL require full-facepiece respirators and 

quantitative fit testing (29 CFR 134.1001). 

Quantitative Respirator Fit Testing (QNFT1. Quantita

tive respirator fit testing does not depend on the wearer's 



ability to sense a challenge agent; the challenge agent is 

measured by instrumentation. Current methods of quantita

tive fit testing involve generating a known concentration of 

challenge agent in an exposure chamber. A test subject 

wears a respirator in the chamber, and the concentration of 

challenge agent is measured simultaneously within the 

facepiece of the respirator and within the chamber by means 

of two sampling probes. By comparing the two concentra

tions, a number called a fit factor can be calculated. 

Quantitative fit tests differ with respect to which 

challenge agent is used. Eroh (1986) reviewed quantitative 

fit tests which use Freon-121 or aerosols of uranine, sodium 

chloride,, or di-octyl phthalate (DOP) as challenge agents. 

Hoiton et al (1987a,b) described quantitative tests which 

used aerosols of limestone, corn oil, smoke-corn oil, and 

room air. Fit test aerosols are normally generated as 

polydisperse aerosols with a mass median aerodynamic 

diameter (MMAD) ranging from sub-micron to 2 microns (ANSI, 

1988). 

Different challenge agents require different methods of 

detection. The two most common methods use either forward 

light-spattering photometry (eg. corn oil) or flame 

photometry (eg. sodium chloride) (Holton and Willeke, 1987). 

1Freon-12 is a registered trademark of E.I. DuPont de 
Nemours and Company, Inc. 
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Each method provides continuous, real-tine measurement. 

Flame photometry is a mass measurement, while forward light-

scattering photometry is a count measurement. A conden

sation nucleus counter (CNC) can be used in tandem with a 

forward light-scattering photometer to measure extremely 

small aerosols. The CNC condenses vapor on submicron 

particles, enlarging them to the point that they scatter 

detectable amounts of light (Willeke et al, 1981). 

Because the challenge agent is measured by instrumen

tation, QNFT has the advantage over QLFT of not depending on 

the wearer's sensory perception. The results of QNFT 

therefore have an inherent degree of objectivity that QLFT 

do not have. QNFT provides a numerical evaluation of 

respirator fit called a fit factor, which allows comparisons 

between different respirators. 

A fit factor is defined as the aerosol concentration in 

the QNFT test chamber divided by aerosol penetration through 

the faceseal. A fit factor assumes only faceseal leakage, 

and not leakage through air-purifying elements, valves, or 

other pathways (Myers et al, 1983). 

QNFT has several disadvantages. There is a lack of 

portability because of the size of the testing chamber and 

the aerosol generation and detection equipment. Instal

lation and maintenance of the equipment is complex, and 

extensive operator training is required. Equipment costs 
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are high, ranging from seven thousand to forty thousand 

dollars. OSHA estimated a $6.3 million dollar per year 

savings for U.S. industry when in 1982 the respirator rules 

for lead were amended to permit QLFT for some lead exposures 

rather than always requiring QNFT (BNA, 1982). 

Table II compares features of qualitative fit testing 

with quantitative fit testing. 

Table II: Differences Between QLFT and QNFT 

FACTOR QLFT QNFT 

Detection Method Subjective Objective 

Test Results Pass/Fail Numerical 

Test Administration Simple Complex 

Test Equipment Simple Complex 

Size of Equipment Portable Non-portable 

Equipment Costs Low High 

Fit Factor Uncertainty and Its Causes 

Although QNFT fit factors are not limited by the 

subjectivity of human senses as are QLFT data, there is 

uncertainty in terms of both reproducibility and accuracy. 

With the same subject-respirator combination and a given 

QNFT method, da Rosa et al (1983) reported that fit factors 



from repeated fittings varied by as much as two orders of 

magnitude and were log-normally distributed. Reproduci

bility between two tests given on different days was 32% 

poorer than between two tests given on the same day. The 

capability of fit factors to accurately predict workplace 

protection has not been demonstrated in the literature. A 

correlation analysis by Myers et al (1984) on fit factor 

data and actual workplace protection suggested no associa

tion between the two. 

Bias of ONFT Method. Fit factors have been shown to 

vary depending on what QNFT method was used. Kolesar et al 

(1982) compared fit factors from a sodium chloride (mass 

measurement) method and a di-octyl phthalate (photometric) 

method. The sodium chloride fit test method uniformly 

measured lower fit factors than the di-octyl phthalate 

method. 

Holton and Willeke (1987) also reported that the 

measurement method affects the fit factor. They tested a 

condensation nucleus counter (count) method, a com oil 

aerosol (photometry) method, and a sodium chloride (mass) 

method. Comparison of fit factors derived from these 

methods resulted in ratios smaller than 2:1 in most cases. 

However, a 4:1 ratio between the count and mass method of 

detection was obtained when measuring an aerosol with count 

median diameter of 2.2 um. 



Non-Representative Test Conditions. Non-representative 

fit test conditions lend uncertainty to whether leakage 

measured in a fit test reflects leakage that occurs under 

working conditions. One major difference is that the fit 

test respirator requires an invasive sampling probe and is 

therefore not the same one used in the workplace. It is 

assumed that the mask worn during fit testing and the 

worker's actual mask have the same shape and pliability, 

although both of these factors are a function of respirator 

wear. 

Other possible non-representative conditions include 

work activity, work rate, head and body movements, minute 

volume, and the velocity and direction of air currents 

(Myers et al, 1984). 

Respiratory Tract Deposition. Aerosol deposition in 

the respiratory tract during fit testing lowers the chal

lenge agent concentration in expired air relative to 

inspired air and biases the resulting fit factor. Bias from 

respiratory tract retention is significant unless contami

nation inside the facepiece is measured as a pulsed sample 

during inhalation. For sampling procedures which collect 

contaminant during the exhalation phase of the respiratory 

cycle, the measured fit factor should be adjusted according 

to published models of aerosol deposition (Myers and 

Hornung, 1987). 



Because respiratory tract deposition is a function of 

the aerodynamic properties of the particles, deposition 

models describe particles in terms of aerodynamic diameter. 

The aerodynamic diameter is defined as the diameter of a 

sphere of unit density (1 gjmL) that has the same terminal 

settling velocity as the particle. Models by the Interna

tional Commission on Radiation Protection (ICRP,1966) and 

others reviewed by Chan and Lippmann (1980) predict minimum 

deposition throughout the respiratory tract at aerodynamic 

diameters of 0.4-0.6 microns (see Figure 1). 

Respiratory tract deposition also depends on less 

predictable factors such as the configuration of the 

respiratory tract and the length of the breathing period. 

These factors cause considerable inter-subject variability 

in pulmonary deposition. (Chan and Lippmann, 1980; Blanchard 

and Willeke, 1984). 
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Contaminant Streamlining Within Facepiece. Myers et al 

(1986) demonstrated that streamlining of the challenge agent 

within the facepiece contributes to the uncertainty of QNFT 

data. Contaminants streamline from leaksites to the 

openings of the respiratory tract, resulting in incomplete 

mixing of contaminant within the facepiece. This contra

dicts the assumption that contaminant flow inside the 

facepiece is turbulent and produces instantaneous, uniform 

mixing. The result of incomplete mixing is that the 

concentration measured by in-facepiece sampling may not be 

representative of the concentration actually inhaled. 

Evidence for leakage streamlines using a human test 

subject and particulate aerosols was reported by Holton et 

al (1987). Fit testing showed that leak sites at the chin 

area of a half-mask respirator were more detectable than 

equivalent leak sites at the nose area. Photographic 

documentation of streamlining using a fluorescent challenge 

aerosol has also been presented (Japuntich and Johnston, 

1987; Oestenstad et al, 1988). 

The estimate of in-facepiece concentration varies when 

the streamline paths are changed with respect to the 

sampling probe. Factors which are reported to affect 

streamlining include: 1) the location and depth of the 

sampling probe, 2) the location of the faceseal leak, 3) the 

distribution of breathing between the mouth and nose, 



4) differences in facepiece design, and 5) whether the 

sampling air flow is pulsed or continuous. (Myers et al, 

1986; Myers and Hornung, 1987). 

Using acetone vapor and a mannequin, Myers and Hornung 

(1987) compared 5 different in-facepiece sampling tech

niques. A pulsed sample with the sampling probe in a deep 

location taken during the exhalation phase showed good 

precision (5%) and low bias (0.7%). The conventional U.S. 

method, which samples continuously at low flow with a flush 

sampling probe, showed the worst precision (14%) and an 

average bias (-21.3%) which underestimated true leakage. 

Particle-Size Dependent Leakage. The leakage of 

aerosol particles into a respirator has been shown to be 

dependent on particle size. Hoiton and Willeke (1987) 

reported that maximum leakage into a respirator facepiece 

occurs with particles in the approximate range of 0.2 - 1.0 

microns in count median diameter (CMD). Larger and smaller 

particles do not enter the leak sites as easily. For 

example, two aerosols with a CMD of 0.28 and 2.2 um were 

found to have a leakage ratio of 5:1. 

In an industrial environment, workers may be exposed 

to a variety of particle sizes. Aerosols in a lead smelter 

ranged from 0.7 to 17 um in size (Myers et al., 1984) In a 

quantitative fit test, workers are typically exposed to a 

narrow size range of aerosol. The difference between 
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aerosol size in the test chamber and the workplace can cause 

the fit factor seen in fit testing to vary significantly 

from the protection realized in actual industrial use. 

Hinds et al (1987a,b) has developed a model to predict 

respirator penetration as a function of particle size and 

work rate. According to this model, a QNFT fit factor of 50 

gives an actual protection factor ranging from 20 to 81, 

depending on particle size distribution and work rate. 

iBttrprtUnq qwft fit 
The uncertainty associated with fit factors is 

reflected in three guidelines recommended by the American 

National Standards Institute subcommittee for interpreting 

fit factors (ANSI,1988). 

The first guideline defines an acceptance criterion 

(AC) which must be met for a given wearer-respirator 

combination to pass or fail a quantitative fit test. The 

acceptance criterion is determined by multiplying the 

respirator's assigned protection factor (APF) by a safety 

factor of 10. 

AC - APF x 10 

The assigned protection factor is the minimum expected 

workplace level of respirator protection that would be 

provided by a properly functioning respirator to properly 

fitted and trained users (NIOSH, 1987). An APF of 50 

predicts that the air purified by the respirator should be 



50 tines cleaner than the ambient air. The acceptance 

criterion for an APF of 50 would be 500. 

The second guideline of the ANSI subcommittee states 

that a large number of repetitions of a fit test should be 

conducted to confidently characterize a respirator's fit on 

an individual. This contrasts with the 1980 ANSI recommen

dation that three quantitative fit tests be conducted on an 

individual, with the worst fit factor of the three desig

nated as the test outcome. 

The third guideline states that fit factors from 

different facepieces on an individual should not be compared 

with each other and used to select the best-fitting face-

piece. The extreme caution urged by the ANSI Subcommittee in 

interpreting QNFT fit factors reveals the critical need to 

develop improved techniques for quantitative respirator fit 

testing. 

Mew Directions in Quantitative Tit Testing 

A portable QNFT system was developed by Willeke et al 

(1981) based on detection of ultra-fine particles normally 

present in ambient air which are enlarged and counted by a 

condensation nuclei counter. The need for an aerosol 

generator and exposure chamber is eliminated by alternately 

measuring the aerosol concentration within the respirator in 

comparison to that in the surrounding environment. The test 

instrument is commercially available under the name 
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"Portacount" (Carpenter and Willeke, 1988). 

Comparison testing of this instrument under the name 

"Mask Fit Validation Device" (MFVD) was done by Laye (1988) 

with a com oil aerosol system using a mannequin with 

hypodermic needles providing fixed leakage rates. The MFVD 

using ambient particulates showed approximately the same 

level of variation (mean PCOV « 13.4%) as the corn oil 

system (mean PCOV « 11.7%). The variability in MFVD 

measurements was attributed to high variability of particle 

size and particle concentration in ambient air during test 

periods. 

The MFVD or Portacount device, like conventional 

aerosol testing, requires an invasive sampling probe for the 

fit test and consequently cannot test the worker's own 

respirator. A fit test which uses negative pressure instead 

of a chemical challenge agent was described by Eroh (1986). 

The system does not require an invasive sampling probe and, 

like the Portacount, is portable and requires no aerosol 

generator or test chamber. 

QunitiWlYt Tit Ttftlaq fry Mfqitlv Frfffurf 

Quantitative fit testing by negative pressure as 

described by Eroh (1986) measures the flow rate of air 

necessary to generate and sustain a pre-selected negative 

pressure within the sealed respirator. The respirator is 

sealed by removing its air-purifying elements and replacing 
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then with air-tight manifolds. A variable flow-rate exhaust 

pump connected by tubing to one manifold establishes the 

desired level of negative pressure within the respirator. 

This pressure is measured by a pressure transducer connected 

by tubing to the second manifold. 

The exhaust flow rate required to sustain a given level 

of negative pressure in the facepiece is a direct measure of 

the leakage rate into the mask. This leakage rate can be 

converted into the functional equivalent of an aerosol-

generated fit factor by the following formula: 

Fit Factor = Average Inspiratory Flow Rate 
Faceseal Leakage Flow Rate 

Eroh (1986) compared the negative pressure method with 

a FreonR-12 fluorocarbon quantitative fit test system using 

a variety of respirators. Regression analysis of the 

fluorocarbon test results with the negative pressure test 

results showed strong agreement for all respirators tested, 

with correlation coefficients ranging from 0.978 to 1.000. 

The negative pressure fit test has advantages normally 

seen only in a qualitative fit test. As mentioned earlier, 

the negative pressure system is non-invasive and allows 

workers to be tested with their own respirator. It is also 

cost-effective and portable, requiring no aerosol exposure 

chamber, generation, or detection equipment. The test 

requires 10-15 seconds to perform and can be done anywhere. 
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Fit factors produced by the negative pressure method 

are not affected by leak location, probe location, or other 

streamlining variables since pressure equilibrates within 

the facepiece at sonic velocity. Without particulates 

involved, there is no size-dependency associated with 

negative pressure system results. Since air is the test 

medium, respiratory tract deposition does not introduce bias 

or variability. 

Carpenter and Willeke (1988a,b) described a negative 

pressure fit test method which measures the rate of pressure 

decay from a sealed respirator. Negative pressure is 

induced into the respirator by means of a flexible diaphragm 

which slightly expands the volume of the respirator cavity. 

The rate of pressure decay is measured by a pressure 

transducer mounted on a modified cartridge. 

A significant disadvantage of the pressure decay method 

is that its results depend on whether the leakage into the 

sealed mask is laminar or turbulent. This variable depends 

on leakage flow rate and hole shape, and is difficult to 

assess accurately. To compute the exact leak rate, the 

leakage turbulence, the volume of the respirator, and the 

slope of the pressure decay curve must be factored into a 

complex series of formulas. 

In contrast, the negative pressure method described by 

Eroh (1986), which sustains negative pressure within the 



sealed facepiece, is not affected by the degree of leakage 

turbulence and measures leakage flow directly. 

Research Objective 

The research objective was to investigate the capabil

ities of an automated negative pressure fit test system by 

comparison testing with a computerized corn oil aerosol fit 

test system. The performance of the two systems was 

compared by a series of experiments which ranged from fixed 

leakages in mechanical systems to uncontrolled leakages in a 

test population of 125 subjects. 



D'l'BRIALS AIID IIBTJIODS 

Autoaated Beqative Pressure lit Test Systea 

System Components. The negative pressure system 

directly measures mask leakage flow rate while sustaining a 

pre-selected negative pressure within the sealed facepiece. 

The facepiece is sealed by two air-tight manifolds which are 

inserted in place of the air-purifying elements. Components 

of the negative pressure fit test instrument include a 

vacuum pump, a mass flow controller, a pressure transducer, 

a digital volt meter, and a computerized data acquisition 

system. Table III lists the make, model, and range of these 

components. A diagram of the negative pressure fit test set 

up is given in Figure 2. 

Table III: Components of 
Automated Negative Pressure Fit Test System 

Component Manufacturer Model # Range 

Vacuum Barn art 400-1911 10 LPM 
Pump 

Mass Flow Tylan FC-280S 0.02-3 LPM 
Controller 

Pressure Omega PX-160 + S"w.g. 
Transducer 

Digital Simpson 2865 0-20 v 
Volt Meter 
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Vacuum Pump 

Pressure 
Transducer 

Mass Flow 
Controller 

Digital Voltmeter 

Respirator With 
Manifolds 

Computerized Data 
Acquisition System 

Pulse Dampener and 
Pressure Relief Valve 

Air Lines 

Feedback Loop 

Electrical Lines 

Figure 2: Components of Negative Pressure Fit Test Set-up 



As seen in Figure 2, two sampling lines connect the 

respirator manifolds to the pressure transducer and the mass 

flow controller. The feedback loop from the pressure 

transducer signals the mass flow controller to maintain a 

steady state pre-selected negative pressure in the mask. As 

long as mask pressure is within 5% of the pre-selected 

level, leakage flow rate is sampled at a rate of 20 times 

per second by the data acquisition system. 

Respirator manifolds were constructed from MSA chemical 

cartridges by removing the cartridge face and air-purifying 

matrix from each cartridge. A 1/32 inch brass plate with a 

mounted brass hose barb was welded onto each cartridge 

shell. The seams of the manifolds were leak tested with a 

Dwyer Water Manometer and found to be air-tight. 

Double port and single port manifolds were constructed. 

Single port manifolds had one centrally mounted hose barb, 

while double port manifolds had a 1/2 inch diameter 

breathing port in addition to the hose barb. The breathing 

port could be sealed air-tight with a hollow plastic plug. 

The manifold hose barbs eliminate the need for a 

sampling probe mounted in the test respirator. However, 

since comparison testing with an aerosol system requires 

respirators with an invasive probe, the probe was used 

during the negative pressure fit test to connect the 

respirator to the mass flow controller. 



A single port and a double port manifold were normally 

used for the negative pressure fit test. The single port 

manifold was connected by a sample line to the pressure 

transducer. The hose barb on the double port manifold 

housed a septum with a 16 guage needle to allow fixed 

leakage into the sealed respirator. This fixed baseline 

leakage permitted the mass flow controller to avoid closed-

valve hysteresis and to operate in its most sensitive range 

during fit testing. 

Fit test respirators were either MSA Comfo II (half-

mask) or MSA Ultra-vue (full-facepiece) models. All 

manifolds were designed to weigh approximately the same as 

MSA type nHn HEPA cartridges so that replacement of mani

folds with cartridges in comparison testing would not affect 

the face-to-facepiece seal. The effect of cartridge/ 

manifold exchange on the faceseal was evaluated by analyzing 

the differences between eight sets of three negative 

pressure fit tests, with each set separated by manifold 

exchange. 

Fit Test Facepiece Pressures and Flow Rates. As 

previously mentioned, negative pressure fit factors are 

defined by the formula: 

Fit Factor - Average Inspiratory Flow Rate 
Faceseal Leakage Flow Rate 

Faceseal leakage flow rate is measured by the negative 
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pressure system at inspiratory pressures. To estimate 

average inspiratory pressure levels, inspiratory pressures 

of three subjects were measured using the pressure trans

ducer of the negative pressure system. Two respirator 

cartridge types (MSA GMS-S and GMA-H) were tested by each 

subject with both normal and deep breathing exercises. 

Average values of the three subjects were found to be -0.5 ± 

0.1 in. w.g. for normal breathing and -1.1 + 0.3 in. w.g. 

for deep breathing. 

In this study's calculation of fit factors, average 

inspiratory flow rate was based on work reported by Harris 

and Fraser (1976). The average inspiratory segment of the 

respiratory cycle for an adult was reported to be 1.74 

seconds. Given an average tidal volume of 750 mL for light 

physical activity, the calculated average inspiratory flow 

rate is 25,862 mL/min. 

Calibrations. Calibrations of the mass flow controller 

and pressure transducer were performed over the period of 

field testing. The pressure transducer was calibrated five 

times with a Dwyer Water Manometer over the range 0.1-2.5 

in. w.g. The mass flow controller was calibrated three 

times with a Gilibrator Primary Flow Calibrator over the 

range of 0.1-2.7 L/min. Gilibrator flow rates were density 

corrected to standard pressure. Barometric pressure was 

recorded twice daily during the testing period to calculate 



the impact of atmospheric pressure changes on negative 

pressure system measurements. 

The manifold fixed-leak needle was calibrated daily by 

measuring air flow through it with the negative pressure 

system at the two test inspiratory pressures. 

Test Protocol. The negative pressure test protocol was 

approved by the Human Subjects Committee of the Arizona 

Health Sciences Center on November 9, 1987. To prepare for 

a negative pressure fit test, the air-purifying elements are 

replaced with manifolds, sampling lines are connected from 

the instrument to the respirator, and a test pressure is 

selected. The subject holds his breath and inserts a plug 

into the breathing port. The mass flow controller generates 

and sustains the pre-selected negative pressure in the 

facepiece, and the data acquisition unit records leakage 

flow rate. After 10-15 seconds, the subject unplugs the 

breathing port and the test automatically stops. The test 

protocol is outlined in Table IV. 
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Table IV: Test Protocol for Negative Pressure System 

Test Administrator: 

—Replaces respirator's cartridges with manifolds 

—Connects sampling lines from manifolds to system 

—Selects desired test pressure (-0.5" or -1.1" w.g.) 

Subject: 

—Dons respirator 

—Holds his breath 

—Plugs breathing port 

System: 

—Generates and sustains test pressure within facepiece 

—Records leakage flow rates at test pressure 

—Ends test when subject unplugs breathing port 
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Aerosol Fit Vat flv«t«i 

System Components. The Dynatech Frontier Model 260AC 

computerized aerosol fit test system served as the compar

ison standard. The system consists of a fiberglass test 

booth, an aerosol generator, a forward light scattering 

photometer, and a data acquisition system. Fit test 

sequence, solenoid valve actuation, and fit factor calcu

lation are software controlled. The system evaluates 

respirator fit by surrounding a respirator wearer with corn 

oil aerosol and using a photometer to detect aerosol 

concentrations in the booth and in the mask interior. 

Aerosol Generation Check. Two parameters of the 

aerosol generation system were experimentally evaluated. 

Chamber aerosol concentration was gravimetrically determined 

after collection on PVC filters with personal sampling 

pumps. Aerosol size distribution was determined by micro

scopic analysis of aerosol collected on glass slides. 

Changes in aerosol size distribution were minimized by 

regular maintenance of the aerosol generation system 

throughout the testing period. 

Operations Check. A daily operations check was 

performed to ensure that both chamber and mask sampling 

lines showed identical photometer readings when both lines 

were connected simultaneously to the same source. The 

source was a cartridge-receptacle unit attached to the 
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sampling lines with a T-fitting. When the chamber and mask 

lines sample the same aerosol concentration, the ratio of 

chamber concentration/mask concentration should be 1.0. 

Test Protocol and Sampling Sequence. To conduct the 

aerosol fit test, HEPA filters (MSA Type NHM) were inserted 

into the respirator receptacles and a sampling line was 

attached to the respirator sampling probe. A subject donned 

the respirator, entered the test chamber, and connected the 

respirator sampling line to the mask sampling line in the 

chamber. Once a respirator facepiece-to-face seal was 

established prior to testing, great care was taken not to 

alter respirator fit during a test or between tests of the 

two systems. 

The sampling sequence included measurement of photo

metric zero (dark current) and chamber concentrations before 

and after each fit test. Six fit test exercises (ANSI, 

1988) were performed for 30 seconds each. A fit test 

printout included fit factors for each individual exercise, 

chamber concentration (volts), and zero concentration 

(volts). Aerosol fit test protocol and sampling sequence is 

depicted in Table V. 



Table V: Aerosol Fit Test Protocol and Sampling Sequence 

Test Administrator: 

—Inserts MSA Type nHn filters into respirator 

—Attaches tubing to respirator sampling probe 

Subject: 

—Dons respirator 

—Enters booth 

—Connects sampling probe to mask sampling line 

System: 

—Samples chamber concentration 

—Samples photometric zero 

—Samples facepiece while subject performs exercises 

—Normal breathing 
—Deep breathing 
—Side-to-side 
—Up-down 
—Talking 
—Normal breathing 

—Samples photometric zero 

—Samples chamber concentration 



Phase it Evaluation with Machanioal gvitui 

Multiple Daily Tests. Daily tests were conducted with 

mechanical systems to evaluate variability of the negative 

pressure method. Human subjects were not involved, and 

fixed leakage was provided by a hypodermic needle. 

The negative pressure system was tested with a canister 

made from ABS pipe and three brass hose barbs. A 16 guage 

needle was mounted on one hose barb. Sampling lines from 

the negative pressure system were attached to the remaining 

two barbs. Five tests/day for nineteen days were performed 

at both normal and deep breathing pressures. 

Variation of the aerosol system was evaluated by 

recording the photometric zero of 12 fit tests per day over 

a 14 day period. 

Tests With Four Needle Diameters. Variability of the 

negative pressure method was also evaluated using canister 

tests with a series of needles of four different diameters. 

Each needle was tested five times per day for seven days. 

The aerosol method was tested with a mechanical 

assembly consisting of a HEPA filter mounted in a modified 

cartridge receptacle which connected to the aerosol mask 

sampling line by a Y-fitting. Fixed leakages were intro

duced by inserting a needle into a septum in the other arm 

of the Y-fitting. In addition to baseline leakage with no 

needle, leakage through a 22 guage and 26 guage needle were 



measured. Three fit tests were conducted daily at each 

leakage rate for a period of seven days. 

Tests to Predict Flow Rate-Based Aerosol Fit Factors. 

Tests were conducted to predict aerosol fit factor on the 

basis of flow rates. Flow rate based fit factors were 

compared to actual fit factors to evaluate losses which 

occur to the corn oil challenge agent relative to a gas 

challenge agent. 

Aerosol fit factors were determined for four different 

needle diameters using the HEPA filter/Y-fitting assembly. 

Predicted fit factors were computed by the following 

equation: 

Predicted _ Mask sampling line flow rate 
Fit Factor Flow rate through leakage needle 

Total flow rate into the mask sampling line was 

measured with a Gilibrator Primary Flow Calibrator. Flow 

rate through the four test needles was measured by the 

negative pressure system at a pressure of -0.6" w.g. This 

pressure was determined by measurement immediately down

stream from the HEPA filter/Y-assembly with a Dwyer Water 

Manometer. 

Tests With Needles of Different Lengths. The effect of 

needle length on aerosol losses was evaluated by performing 

aerosol and negative pressure fit tests on needles of four 

different lengths. The HEPA filter/Y-fitting assembly was 
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used with 18/ 20, and 22 guage needles. Change in aerosol 

losses as a function of length was statistically evaluated. 

Phase 21 Evaluation With 1 Subject: and fixed Leakages 

Phase 2 evaluated the effect that a human subject had 

on the negative pressure and aerosol systems. Prior to this 

phase, comparison testing had been on purely mechanical 

systems. This evaluation involved a series of fixed 

leakages on a subject wearing a half-mask respirator. 

The negative pressure system used two double-port 

manifolds. An 18, 20, or 22 guage hypodermic needle was 

inserted through a septum in the extra port. Fixed leakage 

was introduced during the aerosol fit test by replacing one 

HEPA filter in the respirator with a manifold and a test 

needle. Six tests were conducted with each fit test system 

using each diameter needle. 

Phase 3t Evaluation With 3 Subjects and Multiple Daily Tests 

The negative pressure and aerosol systems were compared 

by daily testing of three subjects. No fixed leakages were 

introduced. Subject #1 made no attempt to maintain consis

tent day-to-day respirator fit in order to evaluate corre

lation between aerosol and negative pressure fit factors 

over a broad range of respirator fit. Subjects #2 and #3 

attempted to maintain consistent day-to-day fit in order to 

evaluate fit factor variation. 
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Phase At Evaluation with Worker Test Population 

Comparison fit testing was also performed on a study 

population of 125 military and civilian personnel at Davis-

Monthan Air Force Base. A half mask or full-face respirator 

was tested, depending on which type a subject used in the 

field. The order of testing (ie. which test was admini

stered first) was randomized based on the last digit of a 

subject's social security number. Following the fit tests, 

a questionnaire wais given to each subject to determine which 

fit test system was preferred. 
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Results are presented in the same order as in the 

methods section. Calibrations and instrument parameter 

tests are presented first. Results from the four phases of 

comparison experiments are presented second. 

Negative Pressure Fit Teat Bvtam 

Respirator Manifold Testing. The weight of respirator 

manifolds fell within the range of cartridge weights used 

for fit testing (See Table VI). Cartridges and manifolds 

were found to be interchangeable without altering the 

respirator faceseal. Analysis by one-way ANOVA showed no 

significant difference (p • 0.45) between eight sets of 

three negative pressure fit tests, with each set separated 

by removal and replacement of both manifolds. 

Table VI: Comparison of Manifold and Cartridge Weights 

Manifold or Cartridge Weight feral 

Double Port Manifold With Plug 
Single Port Manifold 

59.4 
47.2 

MSA Type "H" HEPA Filter 
MSA GMA-H Combination Cartridge 

36.4 
97.1 



Fit Test Faceplece Pressures. Inspiratory pressures 

were measured on 3 subjects during normal and deep 

breathing. Normal breathing pressure averaged -0.5 ± 0.1 in. 

w.g.; deep breathing pressure averaged -1.1 ±0.3 in. w.g. 

Negative Pressure System Error. Determinate error of 

the negative pressure system involves the pressure trans

ducer and the mass flow controller. Both were calibrated 

with primary standards and showed consistent calibration 

curves over the course of the study (See figures 3 and 4). 

The pressure transducer curve represents the average of 

5 calibrations with a Dwyer Water Manometer. The mass flow 

controller curve is the average of three calibrations with a 

Gilibrator Primary Flow Calibrator. Gilibrator readings 

were corrected to standard pressure. Error bars repre

senting one standard deviation from the mean are plotted 

when they are large enough with respect to the y-axis to be 

visible. 

The slope of the mass flow controller calibration curve 

showed a bias of 7.6 ± 0.5%, which was factored into all 

calculations of leakage flow rate. Flow and pressure zero 

offsets were automatically measured prior to each fit test 

and factored into the results of each fit test. Day-to-day 

precision for the mass flow controller was ±2.3 mL/min, 

which fell within the ± 6 mL/min specification (± 0.2% of 

full scale). 



A 5t tolerance range about the pre-selected negative 

pressure represents another source of systematic error. 

Leakage flow rates were recorded by the computerized data 

acquisition system only when mask pressure was within this 

tolerance range. 
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Figure 3: Calibration of Pressure Transducer 
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Figure 4: Calibration of Mass Flow Controller 

Aerosol lit Test Systea 

Aerosol Generation Check. Gravimetric determination of 

aerosol chamber concentration averaged 41.49 ± 0.28 mgjmJ. 

The concentration predicted by Dynatech-Frontier for the 

Model 260AC aerosol generator was 25 mgjmJ. Size distri

bution of aerosol particles was experimentally determined to 

be 3.8 um mass median aerodynamic (MMAD) diameter (equal to 

0.86 um count median diameter) with a geometric standard 

deviation (GSD) of 2.0. 
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Aerosol svataa Error. The aerosol system cannot be 

directly calibrated. The rationale used in the daily 

operations check was to verify that the photometer gave the 

same reading for both mask and chamber sampling lines when 

both were sampling the same aerosol concentration. The 30-

day ratio of the two concentrations was 1.0029 ± 0.0164, 

which indicates consistent photometer response for the two 

sampling lines. 

The best measure of daily variability of instrument 

response was the photometric baseline that was recorded for 

each fit test. The dark current baseline averaged 0.000540 

± 0.000319 volts, which corresponds to a percent coefficient 

of variation (PCOV) of 59%. Chamber aerosol concentration 

averaged 12 volts and was not significantly affected by 

baseline variation since it was 5 orders of magnitude 

higher. Mask aerosol concentration could be of the same 

order of magnitude as the baseline, and consequently be 

greatly affected by dark current variation. Based on one 

standard deviation from the mean baseline, a fit test with 

no photometric response above baseline would have a day-to-

day fit factor range of 13,969 to 54,297. 



Fhift H Ttitf with PyitMf 

Multiple Daily Testa. Variability of the negative 

pressure system was evaluated over 19 days with a canister 

having a fixed leakage. Day-to-day average flow rates were 

386.4 ±2.3 mL/min at -0.5 in. w.g. and 612.1 ±2.2 mL/min 

at -1.1 in. w.g. The standard deviations fell within the 

specification for repeatability of ± 6.0 mL/min for the mass 

flow controller. One-way ANOVA attributed variability to 

day-to-day variation rather than to within-day variation, 

with p < .001. 

Variability of the aerosol system was evaluated by 

analysis of the photometric baseline (zero level) over 14 

days with 12 fit tests/day. One-way ANOVA attributed 

variability to day-to-day variation rather than to within-

day variation, with p < 0.001. As stated earlier, the day-

to-day average baseline was 0.000540 ± 0.000319 volts. 

Tests With Different Needle Diameters. Figure 5 

compares the results of negative pressure and aerosol 

testing with 4 hypodermic needles of different diameter. 

Each point represents 5 measurements taken on one day. 

Negative pressure equivalent fit factors are used in Figure 

5 since they were derived without subject involvement. An 

average inspiratory flow rate of 25,862 mL/min, as 

previously described, was used to calculate the equivalent 

fit factors. 



Non-subject aerosol fit factors were generated at a 

total flow rate of 2,824 mL/min, the measured flow rate of 

the mask sampling line. Aerosol fit factors with subject 

involvement are generated with average inspiratory flow 

rates of 25,862 mL/min, most of which is filtered and tends 

to dilute the in-mask aerosol concentration. To establish a 

valid basis for comparing mechanical, non-subject aerosol 

test results with other study results, fit factors for the 

mechanical aerosol system had to be corrected. The ratio of 

inspiratory flow rate to mask sample flow rate (25,862/2,824 

= 9.16) was used as a correction factor for mechanical 

aerosol results. 

Figure 5 shows that corrected aerosol fit factors 

exceeded equivalent negative pressure fit factors by 27-

53%. Error bars representing 95% confidence intervals are 

too small with respect to the log axis to be visible. Two-

sample t-tests conducted for each needle diameter indicated 

that aerosol and negative pressure fit factors were signifi

cantly different from each other (p < 0.001). Standard 

deviations for both negative pressure and aerosol fit 

factors increased as leak size decreased (See Table VII). 

Fit factor is related to needle diameter by a quadratic 

function, the plot of which tends to be straightened by a 

semi-log scale. The points representing the smallest needle 

diameter fall below the general curve. This represents 



increased aerosol penetration which would be expected 

because the smallest needle was half the length of the other 

three needles. Figure 6 depicts the sane data as Figure 5, 

but on linear axes. Second order regression analysis found 

correlation coefficients of 0.995 for aerosol data and 0.997 

for negative pressure data. 

High correlation (Pearson's r « 0.997) was found 

between needle cross-sectional area and leakage flow rate 

through the needles as measured by the negative pressure 

instrument. 

Aerosol system variation tests with 22 and 26 guage 

needles over a 7 day period resulted in fit factors of 544 + 

19 (PCOV • 3%) and 1909 ± 267 (PCOV - 14%), respectively. 
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TABLE VII: Negative Pressure and Aerosol System 
Variation With Four Fixed Leakages 

Fit Test 
System 

Negative 
Pressure 

Needle 
Suaae 

18 

20 

22 

26 

Fit Factor 
+ Std. Dev. 

274 + 0.3 

869 ± 12 

3723 ± 93 

9901 ± 438 

Percent 
cov 

o.l 

1.4 

2.5 

4.4 

Corn Oil 
Aerosol 

18 348 + 4 1.1 

20 1117 + 18 2.0 

22 5238 + 73 1.5 

26 15165 + 211 1.4 
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Figure 6: Needle Diameter vs. Corrected Aerosol Fit Factor 
and Negative Pressure Equivalent Fit Factor (Linear Scale) 



Air-Flow Predicted Aerosol Fit Factor. Fit factors 

predicted from air flow rates are compared to needle-

generated aerosol fit factors in Figure 7. Flow-rate based 

fit factors were determined from the flow rate through the 

mask sampling line (2824 mL/min) and through needles at mask 

sampling line pressure (0.6 in. w.g.). A correction factor 

was not used because both fit factors were derived from the 

same sampling line flow rate (2824 mL/min). Aerosol fit 

factors exceeded predicted fit factors by 36 to 75%. Error 

bars were too small with respect to the log axis to be 

visible. Two-sample t-tests conducted at each needle 

diameter (Figure 7) indicated significant difference between 

predicted and actual aerosol fit factors (p < 0.001). 
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1000:: 

o 
£ 

100:: 

10- + 4- + + + + 
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Needle Inside Diameter (Inches) 
Figure 7: Needle Diameter vs. Predicted and 
Actual Aerosol Fit Factor (Semi-Log Scale) 



Tests With Needles of Different Length. The ratio of 

air-flow rate predicted fit factor to actual fit factor 

decreased as needle length increased. The ratio of 

predicted/actual fit factor for the shortest needle length 

was compared with the corresponding ratio for the longest 

needle length using a two sample t-test. Aerosol losses 

were found to be significantly related to needle length for 

22 guage (p = 0.0503), 20 guage (p = 0.0007), and 18 guage 

(p * 0.0082) needles. 

Figure 8 depicts the correlation between corrected 

aerosol fit factors and equivalent negative pressure fit 

factors for four different lengths of 18, 20, and 22 guage 

needles. Pearson's correlation coefficient was 0.998. 

Spearman's non-parametric rank correlation coefficient was 

1.000. Spearman's correlation coefficient is reported 

because the aerosol data were not normally distributed. 

Corrected aerosol fit factors exceeded equivalent negative 

pressure fit factors by an average of 29%. 
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Figure 8: Correlation Between Corrected Aerosol Fit Factor 
and Equivalent Negative Pressure Fit Factor (Log Scale) 

(Error bars represent 95% confidence intervals.) 

Phase 2: Testa on 1 Subject With Fixed Leakages 

Phase 2 results reflect the combination of needle-

generated leakage and subject-generated faceseal leakage. 

Figure 9 and Table VIII compare corrected aerosol fit 

factors from phase 1 (needle leakage only) to phase 2 

aerosol fit factors (faceseal + needle leakage). Corrected 

aerosol fit factors from phase 1 would be predicted to 

exceed phase 2 fit factors because phase 2 involves one more 

leakage path than phase 1. However, aerosol fit factors 

derived from faceseal + needle leakage exceeded fit factors 

derived from needle leakage by 101-226%. 
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Figure 10 and Table IX compare equivalent negative 

pressure fit factors from phase 1 (needle leakage only) vith 

negative pressure fit factors from phase 2 (needle + 

faceseal leakage). Negative pressure fit factors derived 

from needle leakage exceeded fit factors derived from 

faceseal + needle leakage by 20-274%. 

Figure 11 and Table X compare phase 2 aerosol and 

negative pressure fit factors. Aerosol fit factors exceeded 

negative pressure fit factors by 205% - 1611%. 

High correlation (r = 0.998) was again found between 

needle cross-sectional area and leakage flow rate measured 

by the negative pressure instrument. 
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Table VIII: Comparison of Aerosol Fit Factors 
With and Without Subject Involvement 

Test 
Condition 

Aerosol Test 
With Subject 

Needle 
Guaae 

18 

20 

22 

Fit Factor 
+ Std. Dev. 

698 ± 124 

2693 + 570 

17090 + 3632 

Percent 
£PV 

17.8 

21.2 

21.3 

18 348 + 4 1.1 
Aerosol Test 

+ 

Without Subject 20 1117 + 18 2.0 

22 5238 + 73 1.5 

1E5 

o—o With subject 
a—a Without subject 

L. 

100 
0.015 0.035 0.020 0.025 0.030 

Needle Inside Diameter (Inches) 

Figure 9: Needle Diameter vs. Aerosol Fit Factor With and 
Without Subject Involvement (Semi-Log Scale) 

(Error bars represent 95% confidence intervals) 



Table IX: Comparison of Negative Pressure Flow Kates 
With and Without Subject Involvement 

Test Needle Fit Factor Percent 
Condition Guaqe + Std. Dev. £QV 

18 229 ±6 2.6 
Neg Press Test 
With Subject 20 514+15 2.9 

22 999 ± 152 15.2 

18 274 ± 0.3 0.1 
Neg Press Test 
Without Subject 20 869 ±12 1.4 

22 3732 + 93 2.5 
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Figure 10: Needle Diameter vs. Negative Pressure Fit Factor 
With and Without Subject Involvement (Semi-Log Scale) 

(Error bars represent 95 confidence intervals) 
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Table X: Comparison of Subject-generated 
Aerosol and Negative Pressure Fit Factors 

Fit Test 
SYStCT 

Negative 
Pressure 

Needle 
Cuaqe 

18 

20 

22 

Fit Factor 
+ Std. Dev. 

229 ± 6 

514 ± 15 

999 ± 152 

Percent 
cov 

2 . 6  

2.9 

15.2 

Corn Oil 
Aerosol 

18 

20 

22 

698 + 124 17.8 

2693 ± 570 21.2 

17090 ± 3632 21.3 

1E5 

°—° Aerosol 
Negative Pressure 

o 
"S 
£ 
iz 

100 
0.035 0.015 0.020 0.025 0.030 

Needle Inside Diameter (Inches) 

Figure 11: Needle Diameter vs. Aerosol and Negative Pressure 
Subject-generated Fit Factor (Semi-Log Scale) 
(Error bars represent 95% confidence intervals) 



Figure 12 depicts the correlation between negative 

pressure and aerosol systems for Phase 2 fit tests. The log 

scale makes the negative pressure and aerosol error bars 

appear similar. However, aerosol fit factor error bars 

represent a 95% confidence interval more than an order of 

magnitude greater than negative pressure error bars. 

Pearson's correlation coefficient was 0.989. Spearman's 

non-parametric rank correlation coefficient was 1.000. 

1E4-

o 
£ 

II 
e 
| 1000-

£ 
0-
O > 
S o cn v 

log y = 0.455 log x + 1.098 
r « 0.989 

100-
100 

ml I— 
1000 1E4 

Aerosol Fit Factor 
1E5 

Figure 12: Aerosol Fit Factor vs. Negative Pressure Fit 
Factor for 1 Subject and 3 Fixed Leakages (Log Scale) 

(Error bars represent 95% confidence intervals) 



Phase 3» D»Hv tft« With 3 Bubiects 

Figure 13 compares aerosol and negative pressure fit 

factors from multiple daily tests on three subjects with no 

fixed respirator leakages. Aerosol fit factors exceeded 

negative pressure fit factors by approximately an order of 

magnitude. Pearson's correlation coefficient was 0.724. 

Spearman's non-parametric rank correlation coefficient was 

0.599. Spearman's correlation coefficient is reported 

because aerosol and negative pressure distributions had 

differing degrees of Gaussian shape and different variances. 

Subject #1 made no effort to have the same fit day-by-

day and therefore had a wider fit factor range on both axes 

than the other two subjects. Subject #1 data alone results 

in the line, log y • .522 log x + 0.747, with Pearson's r = 

0.882 and Spearman's r « 0.819. 

Subjects #2 and #3 attempted to maintain the same 

respirator fit day-to-day in order to characterize between-

day system variation. Table XI compares negative pressure 

and aerosol day-to-day variation for subject #2 and subject 

#3. Percent coefficients of variation (PCOV) for negative 

pressure fit factors were 20% - 36% while PCOVs for aerosol 

fit factors were 83% - 87%. Day-by-day fit factor variation 

for the three subjects is presented in Appendix 6. 



Table XI: Day-to-day Variation of Negative Pressure and 
Aerosol Fit Factors for Subjects #2 and #3 

System Sufr1<?Ct • Avq FF + S.Pt PCQV 

Negative 2 763 ± 272 36 
Pressure 

3 1364 ± 266 20 

Corn Oil 2 20258 ± 17513 87 
Aerosol 

3 11260 ± 9348 83 
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Figure 13: Aerosol Fit Factor vs. Negative Pressure Fit 
Factor For Multiple Daily Tests of 3 Subjects (Log Scale) 
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Results of phases 1, 2, and 3 can be combined to show 

greater consistency of the negative pressure system relative 

to the aerosol system over the variety of test procedures 

used. Subject #3 in phase 3 was the same subject tested in 

phase 2 with fixed needle leakages. The difference between 

leakages measured in phase 3 and phase 2 should be equal to 

the leakage measured through the needles in phase 1. 

Figure 14 depicts the consistency demonstrated by the 

negative pressure system over phases 1,2, and 3. Subject 

leakage plus needle leakage was approximately equal to 

subject/needle leakage. Leakage is presented as percent 

penetration, which is the inverse of the fit factor x 100. 

Figure 15 depicts the relationship between phases 1, 2, 

and 3 for the aerosol system. Subject leakage plus needle 

leakage consistently exceeded subject/needle leakage. 
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(Error bars represent 1 standard deviation) 



Phase 4: coapari1on T••t• With Worker Population 

Figure 16 shows correlation of aerosol and negative 

pressure fit factors from 86 workers. Pearson's correlation 

coefficient was 0.723. Spearman's non-parametric rank 

correlation coefficient was 0.510. Spearman's coefficient 

is reported because aerosol data were not normally distri

buted, and the two data sets had different variances. 

Aerosol fit factors overstated negative pressure fit factors 

by approximately an order of magnitude. Using a fit factor 

of 100 as the criterion for failure (indicated by dotted 

lines in Figure 16), the negative pressure fit test system 

recognized an inadequate fit in 8.2% of the test population, 

whereas the corn oil system only saw a 4.1% failure rate. 
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Figure 16: Aerosol Fit Factor vs. Negative Pressure Fit 
Factor for Test Population (Log Scale) 
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Table XII presents correlation data from phase 1 

through phase 4 of the study. Aerosol and negative pressure 

fit factors were positively correlated, with the degree of 

correlation dependent upon the level of control of the test 

variables. Phase 3a represents data from subject #1 only, 

and phase 3b represents combined data from subjects #1, #2, 

and #3. 

Table XII: Comparison of Aerosol and Negative Pressure Fit 
Factor Correlation Data From Phase 1 - Phase 4 

Phase * Rearession Line Eauation 

1 log y = .959 log x + 0.002 0.998 1.000 11 

2 log y « .455 log x + 1.098 0.989 1.000 3 

3a log y = .522 log X + 0.747 0.882 0.819 32 

3b log y « .447 log x + 1.058 0.724 0.599 48 

4 log y = .490 log X + 0.891 0.723 0.510 86 

r - Pearson's correlation coefficient 
r' • Spearman's non-parametric rank correlation coefficient 
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Results of test subject response to a questionnaire are 

given in Figure 17. On a 1-9 scale, 1 signified strong 

preference for the aerosol system, and 9 signified strong 

preference for the negative pressure system. The mode and 

median response was 5, and the mean response was 6. Greater 

preference for the negative pressure system was indicated by 

48% of the study population, while 16% indicated greater 

preference for the aerosol system. 

V/. m & 
1 2 3 

Preference for 
Aerosol System 
Highf Neutral-

> 7 6 9  
Preference for 

Neg. Press. System 
->High 

Figure 17: Results of Questionnaire of Fit Test Preference 
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DISCUSSION 

The experimental results show that negative pressure 

fit factors were consistently more conservative and showed 

less variation than aerosol fit factors. Negative pressure 

fit factors would be predicted to be more conservative than 

aerosol fit factors since aerosol particles experience more 

losses than air molecules when entering leakage sites. In 

addition to entry losses, subject-generated losses such as 

streamlining also caused aerosol fit factors to overstate 

negative pressure fit factors. Aerosol fit factors showed 

greater day-to-day variability than negative pressure fit 

factors because of these subject-generated losses and 

photometric baseline variation. 

Phase it Testing With Fixed Leakages and No Subject 

In non-subject testing with leakage through hypodermic 

needles, corrected aerosol fit factors exceeded negative 

pressure equivalent fit factors by an average of 37%. 

Aerosol fit factors were also found to exceed flow-rate 

predicted fit factors by an average of 50%. Both of these 

results show that penetration predicted by leakage flow rate 

was not fully detected by the aerosol system, indicating 

possible aerosol losses. 

The mass median aerodynamic diameter (MMAD) of the 

aerosol used in the study was 3.8 um with 6SD of 2.0. 

Aerosol losses were found by a two sample t-test to increase 



significantly as needle length increased. This finding is 

consistent with literature reports. Aerosol losses have 

been demonstrated for particles greater than 2.0 urn MMAD by 

several investigators (Hoiton et al, 1987; Hinds and Kraske, 

1987; Hinds and Bellin, 1988). 

High correlation (Pearson's r - 0.997) was found 

between needle cross-sectional area and leakage flow rate 

through the needles as measured by the negative pressure 

instrument. A direct relationship between flow and cross-

sectional area at constant pressure drop across a needle is 

predicted by the formula: 

Q - f (CeA-Vh) 

where Q is flow rate, f is a constant, Ce is coefficient of 

entry, A is cross-sectional area, and h is static pressure 

across the needle. The high correlation observed between 

flow and needle cross-sectional area indicates that the 

components of the negative pressure system functioned 

consistently. 

Daily aerosol system variation tests with 22 and 26 

guage needles and no subject involvement resulted in PCOVs 

of 3 - 14%. A similar PCOV range (10 - 15%) was reported by 

Laye (1987) for a comparable range of corn oil aerosol fit 

factors with no subject involvement. 



Phase 2: Testing with 1 lubiect an4 rixe4 L•&k•a•• 
Phase 2 results were expected to show more leakage 

(lower fit factors) than phase 1 results because phase 2 

results represented needle leakage plus subject faceseal 

leakage. However, aerosol fit factors from phase 2 (subject 

+needle) were higher than phase 1 (needle only). The 

effect of faceseal leakage was completely masked by subject

generated aerosol losses. Aerosol fit factors exceeded 

negative pressure fit factors by an average of 747%. 

Subject-related losses also caused a 20 fold increase in 

percent coefficients of variation. 

One source of subject-generated losses was incomplete 

mixing and streamlining of aerosol within the facepiece. 

Myers (1986) reported high sampling bias using acetone vapor 

to challenge a half-mask respirator on a manikin. He 

attributed a fit factor range of 44 to 4728 to streamlining, 

even though the actual fit factor was only 87. 

Particle-size dependent leakage was another cause of 

additional aerosol losses when a subject was involved. 

Faceseal leaks may lead to aerosol impaction against the 

face (Hinds and Bellin, 1988), a source of losses not 

present in phase 1 non-subject experiments. As stated 

earlier, decreased aerosol penetration has been reported for 

particles larger than 2.0 um MMAD (Holton et al, 1987; Hinds 

and Kraske, 1987; Hinds and Bellin, 1988). Since the MMAD 
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of the corn oil aerosol in the present study was 3.8 um with 

a 6SD of 2.0, there were particles in the test aerosol which 

could be preferentially excluded by leak sites. 

Aerosol deposition in the respiratory tract was also a 

source of aerosol losses. Myers and Homung (1987) reported 

that the only sampling procedure which possibly eliminates 

bias due to respiratory tract retention is a deeply probed, 

pulsed sample taken during inhalation. The present study 

used a flush-mounted probe and continuous low-flow sampling 

of both inhaled and exhaled air. Respiratory tract reten

tion was also a factor because of the size distribution of 

the aerosol used in the study. Minimum respiratory tract 

retention occurs for particles of 0.4-0.6 um MMAD (ICRP, 

1966; Chan and Lippman, 1980). Since the MMAD in the 

present study was 3.8 um with a GSD of 2.0, there were 

particles which could be preferentially excluded by respi

ratory tract retention. 

Particle size-dependent bias of forward light 

scattering photometers was investigated by Hinds and Bellin 

(1988). The signal to mass ratio associated with forward 

light scattering was found to be strongly dependent on 

particle size. Therefore, changes in aerosol size distri

bution that result from preferential retention in the 

respiratory tract or at leak sites could significantly alter 

detector readings. For particles having a MMAD of 0.5 - 0.7 



urn and a GSD of 2.0 - 2.4, Hinds and Bellin calculated that 

forward light scattering nay underestimate aerosol penetra

tion in half mask respirators by as much as 23%. 

Low-range instability of the log-amplifier may also 

have been responsible for the dramatic increase in aerosol 

fit factors when subjects were involved. Reduction of the 

levels of aerosol available for measurement caused by 

streamlining, particle-size dependent leakage, and respi

ratory tract deposition could have aggravated this causal 

factor. 

In contrast to aerosol fit factors, negative pressure 

fit factors from phase 2 (faceseal leakage + needle leakage) 

were lower than the corresponding phase 1 (needle leakage) 

data. This indicates that subject-related losses which 

significantly affected the aerosol results were not a factor 

in negative pressure results. Fit testing by negative 

pressure is not biased by respiratory tract deposition. 

Streamlining is also eliminated since pressure equilibrates 

within the facepiece at sonic velocity. Carpenter and 

Willeke (1988a,b) evaluated the affect of streamlining on 

negative pressure results with a series of respirators 

having different leak and sampling probe locations. 

Negative pressure results were found to be independent of 

leak and sampling probe location with p values of 0.99. 
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Phase 3i Multiple H»t« with 3 Subiacf 

In phases 3 and 4, a number of data points were 

excluded because the aerosol system reported mask measure

ments lower than the photometric baseline. When this 

occurred, fit factors in excess of 50,000 were common. 

Instability of the log amplifier at the low end of its six-

decade range may have been the source of the problem. 

Significant drift of the zero baseline and accompanying high 

fit factors have also been observed in a Dynatech-Frontier 

quantitative fit test instrument by Slate (1988). 

To determine if an aerosol fit factor was valid, the 

following procedure was used. A maximum possible fit factor 

was predicted for each fit test by dividing the chamber 

concentration (eg. 12 volts) during that test by the 

photometric baseline of the test (eg. 0.0006 volts). If the 

average of the two normal breathing fit factors exceeded the 

calculated maximum fit factor, the results of that fit test 

were not considered valid. During phase 3 testing, 23 

aerosol fit tests out of 71 total tests failed by this 

criteria and were not plotted in Figure 12. 

Aerosol fit factors which satisfied the above criteria 

still exceeded negative pressure fit factors by nearly an 

order of magnitude. Aerosol fit factors were computed as an 

integrated average of 20 mask samples per 30 second test 

cycle. Non-automated aerosol systems use peak penetration 
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instead of average penetration to calculate fit factors. 

Use of the integrated average in the present study resulted 

in higher fit factors than would have been produced by peak 

penetration data. 

Multiple daily fit tests of subjects who had similar 

mask fit from day-to-day demonstrated less variability for 

negative pressure fit factors than for aerosol fit factors. 

PCOVs for aerosol fit factors were 83% and 87%, while PCOVs 

for negative pressure fit factors were 36% and 20%. 

The greater variability seen in the aerosol data comes 

from day-to-day differences in the photometric baseline. 

The dark current baseline averaged 0.000540 + 0.000319 

volts, which corresponds to a PCOV of 59%. Mask aerosol 

concentrations for subjects #2 and #3 averaged 0.000592 

volts and .001066 volts, respectively. Since these voltage 

levels were of the same order of magnitude as the photo

metric baseline, the resulting fit factors were subject to 

baseline variation. 

Part of the day-to-day variability observed for both 

fit test systems stems from differences in mask fit, despite 

attempts to control this variable. Negative pressure 

variability also reflects occasional mask shifts during a 

fit test when the plug was inserted into the breathing port. 

Improved breathing port design is an area for future 

investigation. 



Faceseal leakage measured in phase 3, added to needle 

leakage from phase 1, should equal faceseal + needle leakage 

from phase 2. Only negative pressure data demonstrated this 

additive relationship. Aerosol data was not consistent over 

the three phases because subj ect-generated data were 

affected by aerosol losses which were not present in non-

subject data. 

Phase 4i Comparison Testa on Worker Population 

The fit testing of 125 civilian and military personnel 

demonstrated that a broad spectrum of people can be success

fully fit tested by the negative pressure system. The 

negative pressure fit test protocol was readily understood 

by all subjects, and only 3 subjects were unable to hold 

their breath for the 10-15 seconds required for conducting 

the tests. Data from four subjects were excluded because of 

mask shifts during comparison testing. Data from an 

additional 32 subjects also had to be excluded because of 

the aerosol log-amplifier problem previously mentioned. 

Consistent with phases 2 and 3, aerosol fit factors in 

phase 4 generally exceeded negative pressure fit factors by 

an order of magnitude. Regression line equations for 

aerosol and negative pressure fit factors from subject-

generated data (Phases 2-4) had slopes ranging from 0.45 -

0.52, indicating that aerosol fit factors increased faster 

than negative pressure fit factors. The large difference 



78 

between regression equations from phase 1 and from phases 2-

4 reflects the impact of subject involvement on aerosol fit 

factors. 

The results of the fit test preference questionnaire 

showed that 84% of the test population liked the negative 

pressure fit test as much or more than the aerosol fit test. 

Reasons for preferring the negative pressure system included 

the rapidity of the test and the open test environment. 

A chief advantage of the negative pressure system from 

the administrative point of view was the capability to 

immediately determine if a subject's respirator had a poor 

fit and whether it needed adjustment prior to further fit 

testing. The aerosol system required several minutes for 

aerosol generation and detection prior to the first indi

cation of fit. 
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SUMMARY 

An automated negative pressure system was compared with 

a computerized aerosol fit test system (Dynatech Frontier 

Model 260A) by a comprehensive series of tests. Comparison 

tests graduated from tests of highly controlled fixed 

leakages to respirator fit tests with subject involvement 

and less control. 

The aerosol system could not be directly calibrated, 

but a daily operations check showed that chamber and mask 

sampling line measurements were consistent relative to one 

another. Daily variation was tested with a mechanical unit 

and was found to be similar to reported variation of non-

subject generated aerosol fit factors. Instability of the 

aerosol system was observed during tests with subjects when 

mask aerosol concentration was of the same order of magni

tude as the photometric baseline. 

The negative pressure system was easy to calibrate. 

Consistent operation of the negative pressure instrument was 

verified by a high correlation between measured leakage flow 

rates and leakage needle cross-sectional area. Daily 

variation of flow rate through a needle fell within the 

specifications of the mass flow controller. 

Non-subject testing showed that significant aerosol 

losses occurred upon entry through test needles. Corrected 

aerosol fit factors were 37% higher than equivalent negative 
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pressure fit factors. Measured aerosol fit factors exceeded 

flow rate-predicted aerosol fit factors by an average of 

50%. Aerosol losses were found to be significantly affected 

by changes in leakage needle length. 

Throughout all phases of testing, negative pressure 

and aerosol fit factors were positively correlated on log-

log axes, with the degree of correlation depending on the 

level of control of the test. 

Fit testing of subjects showed that the aerosol system 

was significantly affected by subject-generated losses such 

as streamlining and respiratory tract deposition. The 

negative pressure system was not affected by these losses. 

Subject-generated aerosol fit factors exceeded subject-

generated negative pressure fit factors by nearly an order 

of magnitude. 

Day-to-day variation of subject-generated fit factors 

was more than twice as high for the aerosol system (mean 

PCOV - 85%) than for the negative pressure system (mean PCOV 

• 28%). The greater variation of the aerosol system is 

believed to be caused by photometric baseline variation and 

contaminant streamlining. 

Fit testing of 125 Air Force personnel proved that the 

negative pressure fit test system could successfully be used 

with a broad range of people. Only 3 persons were unable to 

hold their breath for the required 10 second testing period. 



Subjects generally expressed equal preference for both 

systems or favored the negative pressure system. 

The negative pressure system is non-invasive, thereby 

allowing a worker's own respirator to be worn during a fit 

test. The negative pressure system requires no fit test 

chamber, and its portability makes the system suitable for 

the workplace environment. The negative pressure system is 

also less expensive than conventional aerosol fit test 

systems. 

Based upon the results of this study, the automated 

negative pressure fit test system was judged to be superior 

to the aerosol fit test system. Throughout all phases of 

testing, the negative pressure system was more sensitive to 

leakage and gave a more conservative fit factor than the 

aerosol system. Day-to-day fit factor variation was less 

with the negative pressure system than with the aerosol 

system. Unlike the aerosol system, the negative pressure 

system was not affected by streamlining, particle-size 

dependent leakage, or respiratory tract deposition. 
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APPENDIX A 

INSPIRATORY PRESSURES DURING NORMAL AND DBBP BREATHING 

Subject # 

1 

2 

3 

Normal Breathing 

Cartridge # Trials 

GMC-S 
GMA-H 

GMC-S 
GMA-H 

GMC-S 
GMA-H 

10 
10 

10 
10 

5 
5 

Mean Pressure + S.D. 

0.442 ± 0.022 
0.577 ± 0.041 

0.546 ± 0.070 
0.673 ± 0.045 

0.342 ± 0.038 
0.350 ± 0.046 

Average 
S.D. 

0.488 
0.13 

Deep Breathing 

Subject « Cartridge « Trials Heap Pressure + S.p. 

1 GMC-S 10 0.858 ± 0.051 
GMA-H 10 1.193 ± 0.063 

2 GMC-S 10 1.479 ± 0.165 
GMA-H 10 1.540 ± 0.123 

3 GMC-S 5 0.779 + 0.127 
GMA-H 5 0.786 ± 0.020 

Average 1.108 
S.D. 0.348 
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APPENDIX B 

MANIFOLD EXCHANGE TEST 

Fit Tests Between Manifold Exchange 
Fit Test #1 Fit Test *2 Fit Test #3 

Trial # fmL/minl (nL/fflln) (fflL/ffiin) 

1 24.49 26.36 31.47 
2 26.13 28.84 25.91 
3 29.40 29.30 28.68 
4 26.33 26.16 26.75 
5 29.08 23.12 24.98 
6 27.73 26.18 26.05 
7 27.54 23.92 26.56 
8 30.31 27.49 27.46 
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APPENDIX C 

NEGATIVE PRESSURE SYSTEM VARIABILITY 
DAILY CANISTER TEST 

Normal Breathing Deep Breathing 
Flow Rate (mL/min) Flow Rate (mL/min) 

Day Mean* S.D. Mean* S.D. 

1 387.2 0.19 611.9 0.12 
2 386.4 0.44 614.1 0.42 
3 383.1 0.52 609.5 0.74 
4 384.6 1.10 611.6 0.26 
5 384.0 0.40 611.7 0.17 
6 390.4 0.17 615.0 1.39 
7 384.3 0.47 610.7 0.73 
8 387.8 0.16 611.0 0.39 
9 384.6 0.38 612.6 0.56 
10 390.3 0.62 612.0 0.53 
11 388.6 0.57 614.4 0.69 
12 387.2 1.44 610.1 0.49 
13 382.2 0.74 606.2 0.43 
14 385.6 0.44 614.2 1.02 
15 387.0 0.17 613.5 0.78 
16 390.1 0.51 615.8 0.65 
17 386.1 0.12 613.0 0.28 
18 386.5 0.54 612.6 0.29 
19 384.9 0.27 609.6 0.74 

Mean = 386.4 mL/min Mean = 612.1 mL/min 
S.D. = 2.3 mL/min S.D. = 2.2 mL/min 

*n = 5 fit tests 



APPENDIX O 

DAY-TO-DAY VARZATIOM OP AEROSOL SYSTEM 

Baseline Measurements Recorded 
For Aerosol Fit Tests 

Dav Mean (volts)* S.D. 

1 0.000497 0.000106 
2 0.000401 0.000047 
3 0.000518 0.000139 
4 0.000362 0.000144 
5 0.000523 0.000092 
6 0.000508 0.000133 
7 0.001092 0.000313 
8 0.000212 0.000052 
9 0.001215 0.000192 
10 0.000222 0.000039 
11 0.000249 0.000094 
12 0.000504 0.000041 
13 0.001019 0.000210 
14 0.000237 0.000042 

Mean 0.G00540 
S.D. 0.000319 
PCOV 59.1% 

*n - 12 fit tests 



86 

APPENDIX D (CONTINUED) 

DAY-TO-DAY VARIATION OF AEROSOL SYSTEM 

Daily Variation of Aerosol System With Non-Subject 
Tests Involving Two Sizes of Leakage Needle 

22 Guage Needle 26 Guage Needle 

Day Mean* Day Mean* 
# Fit Factor S.D. # Fit Factor 

1 567 11.2 1 1651 4.2 
2 538 3.2 2 1634 37.3 
3 535 2.9 3 2241 237.9 
4 546 2.0 4 2099 270.6 
5 528 0.8 5 1650 7.5 
6 530 25.7 6 2181 279.9 
7 587 15.1 
8 558 35.0 Mean 1909.2 
9 531 4.7 S.D. 267.7 
10 526 9.8 PCOV 14.0% 

Mean 544.4 
S.D. 19.0 
PCOV 3.5% 

*n = 3 



APPENDIX B 

COMPARISON OP ACTUAL AMD PRBDICTBD FIT FACTORS 
(Data Table For Figure 7) 

Needle 
Guaae 

Needle 
Air Flow1 
rmL/min) 

Air Flow 
Predicted2 
Fit Factor 

Measured Aerosol 
Fit Factor3 
Mean + S.D. 

18 108.1 26 
• 

38.2 ± 0.4 

20 31.5 90 122.7 + 2.2 

22 8.6 327 572.2 + 8.4 

26 2.5 1143 1676.3 ± 41.8 

1. Air Flow through needle at 0.6N w.g. 
2. 2824 mL/Needle Air Flow 
3. n = 6 



APPENDIX F 

TESTS WITH NEEDLES OF DIFFERENT LENGTH 

Needle Needle Needle Flow Measured Aerosol Predicted Aerosol Predicted/Meas. 
Guage Length (mL/min)1 Fit Factor Fit Factor Ratio 
(I.D.) (cm) Mean ± S.D.2 Mean + S.D.3 Mean ± S.D.2 Mean + S.D.3 

18 1.41 218.8 + 0.4 15.8 + 0.7 13.3 + 0,1 0.84 + 0.04 
(0.033") 

+ 

18 4.50 94.0 + 0.2 38.2 + 0.4 30.0 + 0.2 0.79 + 0.01 

20 0.92 102.5 + 0.4 34.2 + 0.7 27.6 + 0.2 0.81 + 0.02 
(0.023") 

20 4.15 30.2 + 0.3 122.7 + 2.2 93.5 + 1.1 0.76 + 0.02 

22 0.S5 33.1 + 0.2 120.3 + 5.7 85.3 + 0.7 0.71 + 0.04 
(0.016") 

+ + 

22 4.45 7.3 + 0.5 572.2 + 8.4 386.9 + 26.6 0.68 + 0.01 

1. Air flow through needle at 0.5'* w.p. 
2. n - 3 
3. n « 6 

CO 
00 



APPENDIX G 

MULTIPLE DAILY TESTS WITH 3 SUBJECTS 

SUBJECT #1 SUBJECT #1 

Day Run Neg. P. Aerosol Day Run Neg. P. Aerosol 
# # F.F. F.F. f # F.F. F.F. 

1 1 890 25412 11 26 201 878 
2 795 20923 12 27 221 1687 

2 3 1785 13962 28 258 2078 
4 778 17801 29 235 229 

3 5 852 17318 13 30* 699 133834 
6 715 20532 31* 665 128614 

4 7 1000 21340 32* 793 134760 
8 888 18215 14 33 1198 9040 

5 9 182 658 34* 907 22044 
10 184 752 35* 871 12116 
11 198 781 15 36 854 9186 

6 12 206 1750 37 1040 7024 
13 259 1694 38 1177 7247 
14 249 1274 16 39 529 16128 

7 15 439 4709 40 578 10276 
16 433 6421 41 463 8899 

8 17* 806 15993 17 42* 960 133486 
18* 718 31117 43* 864 102756 
19* 810 27767 44* 918 155115 

9 20 361 3803 18 45 1008 9888 
21 353 3298 46* 755 8793 
22 348 3500 47 640 9516 

10 23* 696 13013 
24* 589 12747 
25* 626 11728 

* • data excluded because aerosol fit factor exceeded ratio 
of chamber concentration/photometric baseline 



APPENDIX 0 (CONTINUED) 

PHASE 3: MULTIPLE DAILY TESTS WITH 3 SUBJECTS 

1E5 

1E4 
o 
o 
£ 
iz 

1000 

100 

Figure 6-1: Variation of Negative Pressure and Aerosol Fit 
Factors vs. Test Number for Subject #1 (Semi-log Scale) 

a—a Aerosol (n = 2) 
•—• Negative Pressure (n=2) 
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APPENDIX G (CONTINUED) 

PHASE 3: MULTIPLE DAILY TESTS WITH 3 SUBJECTS 

SUBJECT #2 SUBJECT #3 
Day Neg. Press. Aerosol Day Neg. Press. Aerosol 

# F.F. S.D. F.F. # F.F. F.F. 

1 511 15823 1 844 4014 
2 213 12712 2 1325 3564 
3 837 6133 3 1682 6890 
4 662 53 12699 4 1574 18692 
5 539 49 12607 5 1376 5630 
6* 826 113 26581 6 1354 28769 
7 1031 64 5555 7* 1457 7824 
8 911 78 15230 
9* 1010 92 8350 
10* 1054 268 73404 
11 783 132 21762 
12* 904 183 57585 
13* 1137 181 17409 
14 1177 213 31879 
15 968 122 68181 
16* 1083 144 79303 
17* 1534 174 9565 

* = data excluded because aerosol fit factor exceeded ratio 
of chamber concentration/photometric baseline 



APPENDIX Q (CONTINUED) 
PHASE 3: MULTIPLE DAILY TE8T8 WITH 3 SUBJECTS 
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•—• Negative Pressure fn = 2) 
o—o Negative Pressure (n = 3) 
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Day of Test 
Figure G-2: Daily Variation of Negative Pressure and 
Aerosol Fit Factors for Subject #2 (Semi-log Scale) 
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Figure G-3: Daily Variation of Negative Pressure and 
Aerosol Fit Factors for Subject #3 (Semi-log Scale) 
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APPENDIX H 

COMPARISON PIT TBSTIMG OF TBST POPULATION 

Sub. Meg. Press. Aerosol Sub. Neg. Press. Aerosol 
# F.F. S.D. F.F. < F.F. S.D. F.F. 

1 2934 15126 32 1117 17002 
2 77 17460 33 1314 13617 
3 487 17987 34 1773 287 14402 
4 140 2487 35* 170 5434 
5 1573 2608 36 487 81 24208 
6 75 634 37 208 3 567 
7 828 5878 38 1414 201 29614 
8* 1886 -— 185 39 46 9 180 
9 823 14089 40 1318 161 17614 
10 997 15195 41 13 0 27 
11 865 22114 42 60 5 127 
12 523 761 43 1210 224 15265 
13 1354 18102 44 574 43 1035 
14 1323 15156 45* -— 

15 724 14102 46 146 16 7202 
16 1117 21548 47 675 89 17470 
17 848 19104 48 828 190 21827 
18 816 21011 49 4250 1617 19208 
19 915 18536 50 1118 93 16554 
20 45 6767 51* 763 167 39209 
21 1031 6291 52 1733 320 17190 
22 1133 25853 53* 2080 99 30547 
23 12 37 54 126 19 8315 
24* 55* 1257 225 58764 
25 245 16186 56* 1458 363 59288 
26 556 18726 57* 3019 835 42177 
27 725 69 58* 2757 1103 194361 
28 96 6924 59 202 22 1007 
29 2342 18836 60 28 3 77 
30 555 2145 61* 1046 139 21256 
31 1392 19587 62* 1206 198 12365 

* « data excluded because aerosol fit factor exceeded ratio 
of chamber concentration/photometric baseline 



APPENDIX H (CONTINUED) 

COMPARISON FIT TESTING OF TEST POPULATION 

Sub. Neg. Press. Aerosol Sub. Neg. Press. Aerosol 
f F.F. S.D. P.F. # P.F. S.D. F.F. 

63* 1599 317 7028 94 91 2 81 
64 680 5 5777 95 966 147 24831 
65* 2850 626 6193 96 547 115 24765 
66 1268 91 19076 97 1267 174 24544 
67 567 47 40547 98* 858 72 73046 
68 741 55 54335 99 1002 139 57533 
69 848 274 38271 100 519 125 4418 
70 2268 874 1605 101 2142 431 7061 
71 1135 163 14868 102* 2077 956 66901 
72 1106 247 1764 103* 1515 401 27746 
73 227 3362 104* 1001 396 43525 
74 675 90 20563 105* 527 51 143668 
75* 2549 195 16880 106* 1692 743 34564 
76* 1011 165 8073 107* 712 71 34877 
77 1150 159 6663 108 813 230 7783 
78 511 77 6520 109* 
79* 901 45 15230 110* 1084 123 13905 
80* 1378 145 15492 111* 1354 466 18460 
81* 832 77 8218 112 597 97 10166 
82 1429 186 54990 113* 1076 144 13022 
83 1680 599 12213 114 1782 529 23533 
84 995 139 45691 115 1472 190 55067 
85 58 1 511 116* 1384 256 149267 
86 980 103 16344 117 1236 249 17918 
87 2000 1152 24269 118* 1519 375 81804 
88 740 53 7733 119* 623 277 122927 
89* 1214 35 85362 120* 1303 420 141656 
90* 1202 203 186829 121 974 95 1677 
91 1376 337 13796 122 163 3 1463 
92* 711 81 77960 123 358 27 7064 
93 671 41 12347 124* 1749 242 602 

125* 465 185 7824 

* • data excluded because aerosol fit factor exceeded ratio 
of chamber concentration/photometric baseline 
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