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ABSTRACT

Meyer, Steve D., A Model for Determining Induced

Physiological Stress during Respirator Wear. Master of

Science (Basic Health Sciences), December 1984, 81 pp., 7

tables, 24 figures, bibliography, 54 titles.

A model was developed to predict the increased

physiological effort of wearing a respiratory protective

device. Specifically, the model was designed to predict the

effects of varying ventilatory demands on eleven respiratory

variables of the man-respirator system, breath frequency

(f b),tidal volume (Vt), inspiratory flow (dvi/dt),

expiratory flow (dve/dt), inspiratory mask pressure (P ),

expiratory mask pressure (Pme ), inspiratory intrathoracic

pressure (P 1i), expiratory intrathoracic pressure (P ),

inspiratory mask work (W .), expiratory mask work (W ),mi me

and mask leakage index (L.). The model was tested by

experiment in which three male subjects underwent maximal

exercise testing with and without the "pressure-demand"

respirator. The eleven variables were determined for each

thirty second period utilizing on-line computer analysis.

Application of the model to these experimental conditions

resulted in significant (p<.001) relationships between each

of the predicted and observed variables.

v



CHAPTER I

INTRODUCTION

Since the beginning of the industrial revolution man

has found it necessary to work within toxic environments.

In order to effectively work within these environments man

has constructed numerous respiratory protective devices.

These devices consist of two major types, (i) filter and

(ii) supplied air respirators.

Filter devices are designed primarily for long term

low exposure and are not intended for use in lethal

environments. Particulates, organics, some aerosals,

various types of oil contaminants, along with several other

compounds which can be chemically bound to chemically

treated filters, can be effectively filtered.

Supplied air devices on the other hand are designed

primarily for short term high level exposure and are

frequently used in lethal environments. Supplied air

devices, are primarily utilized in high risk operations

such as fire and mine rescue. The supplied air device

consists primarily of a facepiece, exhalation valve,

compressed air tank, and an inspired regulator valve (see

figure 1). The regulator valve is controlled by changing

pressures within the facepiece-regulator system. As the

wearer inhales, pressure in the facepiece-regulator system

1
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drops, causing a diaphragm to be displaced by atmospheric

pressure. The diaphragm in turn opens an admitting valve,

which releases air to the facepiece until the pressure in
the facepiece is again equivalent to atmospheric pressure.

In most applications a biasing spring is introduced to the
system, causing the system to regulate at a pressure

greater than atmospheric pressure. This arrangement is
referred to as the 'pressure-demand' supplied air

regulator. The purpose of the pressure-demand system is to
provide additional protection to the wearer by providing a
pressure differential from mask to atmosphere which would
prevent toxins from leaking into the mask in the event of a
breakdown in the face seal within the mask.

Several safety considerations are essential in
evaluating the effectiveness of a given respirator, the

most important being that the respirator should only be
used in situations for which it was designed. Respirators

fail primarily in one of four manners (17), these being (a)
system failures; (b) inappropriate respirator selection;

(c) leakage; and (d) non-compliance of the wearer. System
failures consist of cases in which the respirator failed to
operate. Inappropriate respirator selection can occur when
the user is untrained or unaware of a particular

environmental toxin for which the respirator was not
designed. Leakage refers to contaminants which enter the
facepiece through a break in the face mask seal.
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Non-compliance occurs for a number of reasons, either the

worker or employer refuses to accept that the environment

is toxic, or the mask becomes unacceptable or intolerable

due to problems of visibility, heat, or respiratory burden.

It is well documented that the respirator induces a

certain degree of psycho-physiologic stress on the wearer

(27,33,40,41,49). This stress may in some cases impair the

effectiveness of a given respirator (25,39). Specifically,

respirators impart a physiological burden to the

respiratory system in that they contribute to the system's

resistance, dead space, compliance, and inertance

(10,11,22,45). At the same time, the respiratory system

can challenge a respirator beyond its operating capacity

(42) and thereby reduce the effectiveness of the device.

Interestingly, few significant design modifications

have been made in supplied air breathing apparatus since

1945. A major reason for the lack of progress in design of

respirators has been a general perception among the

respirator industry that devices currently marketed

function adequately. In fact, within certain physiologic

constraints, e.g., ventilation volumes (VE) less than 40

liters/minute, respirators do work quite well (4,9).

Unfortunately, in most applications the user must ventilate

at rates significantly higher than 40 1/min. Still another

reason for the lack of development is the high cost of
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man-testing prototypes. Finally, and perhaps most

importantly, the federal government certification program

has hindered development of respirators for several

reasons. The most significant reason is that it has

offered little incentive for development because it has not

required significant improvements in respirator

performance. Also, there is a perception that the

government has not of itself identified an ideal operating

characteristic and consequently its certification program

may prevent more ideal respirators from becoming certified

(5)..

Primarily because of these considerations, it would

appear beneficial to provide a computer model of the

respiratory system which would be capable of predicting the

effects of a given respirator under a range of physiologic

demands. If an adequate model were available it might

prove beneficial in both the design of the respirator

itself, as well as in the development of a certification

program. It was the intent of this study to develop and

test a prototype of such a model.



CHAPTER II

METHODS AND PROCEDURES

Numerous models of the respiratory system

(13,18,30,50,51,52,53), and respirators (22,23,45) have

been proposed. From these it was possible to develop a

model of the relationship between the respirator and the

respiratory system.

Ideally, such a model would predict the following, (i)

the amount of work necessary to operate a respirator during

inspiration and expiration; (ii) the minimum pressure

within the mask during inspiration and the maximum pressure

during expiration; (iii) an indication of the minimum

intrathoracic pressure during inspiration and the maximum

intrathoracic pressure during expiration. In addition it

would be beneficial to have some indication of leakage

which might occur over a given period of time under a given

set of circumstances.

A model of the respirator-respiratory system which

predicts the above variables with varying physiologic

parameters [metabolic rate or oxygen uptake (V02 ) or

ventilation volume (VE )] appeared possible. A basic

assumption was that there was a relationship between VO 2

or VE and the other variables, which could be expressed

mathmatically. Several workers have established that a

6
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work minimization criteria existed which related breath

frequency (fb) to VE (10). Furthermore, other

relationships existed which described the relationship of

fb and VE to tidal volume (VT), flow (dv/dt) and mask

pressure (Pm). From this information it was possible to

determine various respirator-respiratory system parameters.

In the present investigation a model similar to that

of Yamashiro (53) was developed which predicted optimal

breath frequency (fb) for various VE' utilizing

parameters such as anatomical deadspace (Vda), pulmonary

compliance (Cp), pulmonary resistance (Rp), respirator

deadspace (Vd), respirator compliance (Cm), and

respirator resistance (RM). The model assumed a square

wave breath shape.

The model was tested by applying it to various

conditioniis71n which the variables of interest where

measured experimentally.

The Model

Eleven separate respirator-respiratory system variables

were predicted by the model, these were:

1. Breath frequency (f) in breaths/min.

2. Tidal volume (VT) in liters.

3. Inspired flow (dvi/dt) in 1/min.

4. Expired flow (dve/dt) in 1/min.

5. Inspired mask pressure (Pm.) in cmH2 O.
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6. Expired mask pressure (Pme) in cmH20.

7. Inspired intrathoracic pressure (P..1 ) in cmH2 O.

8. Expired intrathoracic pressure (P. ) in cmH2 O.

9. Inspired mask work (Wmi) in joules.

10. Expired mask work (W . ) in joules.me

11. Leak index (L.) in cmH20 x minutes.

1.Breath frequency (f Breath frequency for a

square waveform breath pattern was determined using work

minimization formulas similar to those propsed by

Yamishero.

fb = + 3 2 [(1+a)/a)RC(VA/V )] - 1

16[ (l+a)/a]RC

Where: a = the ratio of expiratory elastance over

inspiratory elastance. 'a' was set at 1.95 which was

determined from data presented by Rahn et al (38), see

figure 2.

R = total respiratory resistance. R was determined by

adding the average of the inspiratory and expiratory

resistance of the respirator device to the subjects

total respiratory resistance (cmH20/l/min).

C = total system compliance. C was determined by

summing the compliance of the lung chest wall of the

subject with the compliance of the respirator device

(l/cmH2 0).
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VA = alveolar minute ventilation. VA was

determined by multiplying VE by 0.874, a constant

value determined by regressional analysis of data

provided by Jones (24).

VD = dead space volume. VD was determined by

adding the dead space of the respirator to the

subjects anatomical dead space.

2.Tidal Volume (V ).-- Tidal volume was determined

simply by dividing minute ventilation by breathing

frequency.

VT VE/fb

3.Peak Inspiratory Flow (dvi/dt)- As the frequency

formula presumed that breath shape was best described by a

rectangular wave-form, the inspiratory flow was constant

and equal to:

dvi/dt = 2 fbVT

Because the true respiratory wave form was obviously

not rectangular, but only approximated a rectangular form

under extreme effort, a breath shape correction factor was

utilized to account for the non-uniformity of waveform.

Specifically, shape factor (SF) was determined by taking

the ratio of the volume of a breath (VT) to the product

of the peak flow and the time of the breath in minutes.
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SF = VT/(dvi/dtpeak x time)

The shape factor indicates the ratio of the actual breath

volume to that of a theoretical rectangular breath. The

ratio for a true rectangular wave would have a value of

one, while a sine wave would have a ratio value of 0.75. A

value of 0.875 was selected arbitrarily to convert the

breath shape to a semi-sinusoidal waveform. Consequently

the breath shape was assumed to be a semi-sinusoid with a

shape factor of 0.875.

Therefore:

dvi/dt = 2 fbVTi/0.8 7 5

4.Peak Expiratory Flow.-- The model assumed that

inspired and expired flows were equal, hence:

dve/dt = 2f VTe/0.875

5.Peak Inspiratory Mask Pressure.-- Inspired mask

pressure was calculated by multiplying peak inspiratory

flow by the inspired mask resistance (R .).

mi

Pmi = R mi x dvi/dt + B

Where: Bp = bias pressure, bias pressure is the pressure

at which the mask is maintained under static conditions.

Theoretically, in pressure demand systems bias pressure is

maintained at 2.54 cmH2 0.

MWOVAU04W
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6.Peak Expiratory Mask Pressure.-- Expiratory mask

pressure was calculated in a similar fashion as inspiratory

mask pressure.

P :=R x dve/dt + Eme me p

where Ep is the pressure at which the exhaust valve fully

opens. In 'pressure-demand' masks, this pressure is set at

7.0 cmH2 0. This prevents 'blowbye', an undesirable

leakage of supplied air.

7.Peak Inspiratory Intrathoracic Pressure.-- Peak

inspiratory intrathoracic pressure was used as an index of

force applied to the lungs during inspiration.

Intrathoracic pressure was estimated by summing these

separate components, a. pressure necessary to maintain lung

volume (38), b. pressure necessary to generate flow

(6,20,21,34), and c. pressure required to drive the

breathing apparatus.

P = -(dvi/dt x R]) + (-(V Ti + FRC)/C ) + Pmi

Where: Rp = pulmonary resistance

FRC = functional residual capacity

Cp = pulmonary compliance

11111'" "NONNI
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8.Peak Expiratory Intrathoracic Pressure.-- Peak

expiratory intrathoracic pressure was used as an index of

force applied to the lung during expiration.

P. = (dve/dt x R ) + (-(FRC/C )) + Pi~e p p me

9.Inspiratory Mask Work.-- Inspiratory mask work was

used as an indication of the minute work necessary to

operate the inspiratory mechanism of the respirator (3,29)

Wmi = (B -P .) x dvi/dt x 0.5 min.
mi p mi

W . was expressed as cmH20 x liters. This unit was

converted to traditional units of work, by the correcting

factor for joules:

1cmH2O.liter=0.0981 joules

The equation was multiplied by 0.5 minutes to correct for

the length of the inspiratory phase during ventilation.

10.Expiratory Mask Work.-- Expiratory mask work was

used as an indicator of the minute work necessary to

operate the exhaust mechanism of the respirator.

Wme = (Pm - Bp) x dve/dt x 0.5 min

Wine was also converted to joules.
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ll.Leak Index (L1)- Leak index was proposed as a

method for determining the leak potential in the event that

the mask seal should be broken.If the pressure in the mask

was always greater than atmospheric pressure, no leakage

into the mask could occur. The leak index provides an

indication of the negative pressure differential that

occurs within the facepiece of a respirator which could

result in mask leakage.

if Pmi < 0 then L. = ABS (P .) x 0.25 min

if P . > 0 then L. = 0.0
mi1

Where: ABS (P .) indicates the absolute value of inspired

mask pressure

0.25 min was used as an approximation of the time

the mask pressure would be at a minimum, 0.25 was chosen

over 0.5 because the breath shape had been transformed to a

semi-sinusoidal, rather than a true rectangle.

"In Vivo" Experimental Data

Respiratory Data Collection- In order to obtain

experimental values for the determination of on-line

measures of the eleven variables during an exercise test, a

computer program was developed which utilized digitized

signals via a 12 bit analog-to-digital converter. The

program was developed and implimented on a Digital MINC-23

PDP 11 based mini computer. The program was designed such

- ". . -1 wommmommil
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that a sweep of three input channels (inspired flow,

expired flow, and mask pressure) was conducted every 20

milliseconds. Each of these three digitized signals were

then corrected to the appropriate units (flow = 1/min,

pressure = cmH20). The 20 millisecond sweep was

continued for a specified period of time (e.g. one epoch =

30 seconds), at which time the requisite calculated data

was averaged and stored on disk files.

The primary information attained included, peak

inspired flow (dvi/dt), peak expired flow (dve/dt), peak

inspired mask pressure (Pm), peak expired mask pressure

(Pm ), tidal volume (V T), minute volume (VE),

duration of inspired and expired breath period used to

determine breathing frequency (fb). In addition to these

primary data, additional formulation was utilized to

calculate values such as peak inspired intrathoracic

pressure, peak expired intrathoracic pressure, inspired

mask work, expired mask work, and mask leak index.

During each sweep period of the test (i.e. epoch), the

program was designed to first wait for the beginning of the

first complete breath cycle, starting with inspiration.

This was performed by examining inspired and expired flows,

if an expired flow was registered at the beginning of the

period the program was designed to wait for the expiratory

phase to end and the inspiratory phase to begin. If, on
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the other hand, there was an inspired flow being

registered, the program was designed to wait for that

inspired phase to end and the following expired phase to

end before beginning at the start of the next inspired

phase. After determining that the first inspired breath had

begun, the program collected data on all three input

channels and then continued to collect the data until the

inspired flow had dropped below a preset threshold

(approximately 5 1/min). At this time the program

determined the peak flow during the inspiration, the

duration of the inspiration, the inspired volume, and the

inspired peak pressure. In addition, the program

calculated the leak index, peak intrathoracic pressure, and

mask work. The program would then wait until an expired

flow was registered and then begin collecting data during

the expired phase. The program performed calculations for

the expired phase in a manner similar to that during the

inspired phase. The calculated data for each individual

breath cycle were displayed throughout the sampling period

via a cathode ray tube (CRT) moniter. After the sampling

period ended, the calculated data during that sample period

were averaged and printed to a disk file and displayed on

the CRT. At the completion of data acquisition, (the end

of the exercise test) a command signal was input via the

keyboard and the program tabulated the total test time and

displayed data for the final sweep period.
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Each sample period lasted 30 seconds and was referred

to as an 'epoch'. For each epoch the program calculated

the following data:

l.Breath Frequency (fb) Breath frequency was

described as the number of inspired breath phases in a

given epoch multiplied by the minutes in that epoch, with a

resultant factor of breaths per minute

fb = TNIP x (60 sec/TOE) = breaths/min

where: TNIP = total number of inspired breath phases

TOE = time of epoch in seconds

2.Minute Ventilation (V ).-- Ventilation was

determined for both inspiratory and expiratory phases.

Each sample represented a portion of time (0.002 seconds),

and by multiplying the sampled flow by this value a close

approximation of volume moved during that sample can be

made. Each sample during the breath phase was summed, then

each breath phase during the epoch was summed. This value

was then multiplied by the minutes in that epoch.

VE = ( Z dvi/dt x 0.002 sec) x (60 sec/TOE) in 1/min

VE = (Z dve/dt x 0.002 sec) x (60 sec/TOE) in 1/min

where: dvi/dt = inspired flow

dve/dt = expired flow

-KUM&"
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3.Tidal Volume (VT).-- Tidal volume is determined

exactly as VE with the exception that instead of

correcting for time, the period ventilation was corrected

for frequency.

V Ti= ( E dvi/dt x .002 sec)/TNIP in 1

VTe = ( Edve/dt x .002 sec)/TNEP in 1

where: TNEP = total number of expired phases.

4.Peak Inspired Flow (dvi/dt).-- Each sample of

inspired flow was evaluated during each inspired phase to

determine if it was of the greatest magnitude of flow

values in that phase. If a sample was of the largest

magnitude during a given phase, it was retained and each of

the subsequent flow values in the rest of that phase were

then compared with that value. If any of the sampled flows

had a greater magnitude than all of the earlier samples

then it was retained in place of the previous high value.

This process was repeated for each breath phase, and the

average of the high values of each breath within a given

epoch was retained in the permanent record.

5. Peak Expired Flow (dve/dt)- Peak expired flow was

determined in exactly the same manner except that expired

flow was being sampled during expiration.
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6. Peak Inspired Pressure (P )- The method for

determining peak inspired pressure was analogous to that of

determining peak inspired flow, with some minor

modifications. The value of interest relative to peak

inspired pressure was the most negative value, not the

largest value, as such the method of comparison was to

determine if the sample value was less than each of the

previous samples.

7. Peak Expired Pressure (P ).-- Peak expired

pressure is determined in exactly the same manner as were

the peak expired flow values except that pressures were

sampled and not flows.

8. Inspired Intrathoracic Pressure (Pii).-- This

value was an indicator of the peak pressure expected within

the intrapleural space. As such, it was an index of stress

applied to the lung. The value was determined by summing

the pressures required to develop the measured flow within

the respiratory system, maintain a given lung volume, and

develop the measured flow within the respiratory device.

Pressure related to air flow in the pulmonary system was

determined by multiplying air flow by pulmonary resistance.

Pressure related to lung volume was determined by dividing

lung volume by pulmonary compliance. Pressure required to
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drive a given respiratory device was determined directly by

measuring mouthpiece or mask pressure.

P.. = -(dvi/dt x Rp) + ((V+FRC)/Cp) + P .

Where: R = pulmonary resistance

V = the previous inspired volume during the

breath in which the sample occurred

FRC = subjects functional residual capacity

Cp = pulmonary compliance

The permanent record retained the average inspired

intrathoracic pressure measured during a given epoch.

9. Expired Intrathoracic Pressure (P. ).-- Expired

intrathoracic pressure was determined in an analogous

manner to inspired intrathoracic pressure. The major

difference centered around the manner in which volume was

determined. Specifically, volume was determined by adding

the subjects functional residual capacity to the volume of

the previous breath, and subtracting from that volume the

previous expired volume during the phase in which sampling

occured.

P. =(dve/dt x R ) + -((FRC+V ) - V /C ) + Piep Ti e p me

where: VTi = total volume of the previous

inspiration
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Ve = previous expired volume of the breath

phase in which the sample occurred.

10. Inspired Mask Work (Wmi).-- Inspired mask work

refered to the concept of minute work required to operate

the inspiratory valves of the respirator system. This

value was determined by summing the product of the

difference between mask or mouthpiece pressure and biasing

pressure, multiplied by the measured flow, over the period

of the breath phase. The values for each breath phase in a

given epoch were then summed, multiplied by minutes in the

epoch, and then multiplied by a correction factor to

convert to units of joules.

Wmi = [ E (B -Pmi) x dvi/dt] x 60/TOE x 0.0981

where: 0.0981 = correction factor to convert

l.cmH20 to units of joules

Bp = Bias pressure

TOE = Time of epoch

11. Expired Mask Work (W ).-- Expired mask work

refers to the concept of minute work required to operate

the expiratory valves of the respirator system. Its value

was determined in an analogous manner to inspired mask

work.

Wme =I me - 13p) x dve/dt] x 60/TOE x 0.0981
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12. Leak Index (L ) - Leak index was determined by

summing the absolute value of all mask pressures that were

less than zero, each pressure was multiplied by the length

of time of the sample that was observed below 0 pressure,

this resulted in units of cmH2O/min.

if (P < 0) then:

Li = ZL. + ABS(P .) x 0.0003331 1 ml

where: 0.000333 minutes is the length of the sample

period

The leak index was accumulated during the entire epoch, at

which time it was multiplied by minutes in that epoch,

resulting in cmH 20.

Metabolic Data Collection

In addition to the computer program describing mask

and respiratory function, another program was also

developed. This second program was designed and

implemented in a manner similar to the first program, the

difference being that this program provided metabolic

information. Mixed expired oxygen, mixed expired carbon

dioxide, and inspired flow were sampled every twenty

milliseconds and the digitized values were converted to the

appropriate units. At the end of each sampling period

(epoch) the following values were calculated, displayed to

the CRT, and recorded in permanent data files: average
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mixed expired oxygen (02%), average mixed expired carbon

dioxide (CO2 %), minute ventilation (VE),breath

frequency (fb ' tidal volume (VT), oxygen consumption

(VO2 (ml/kg/min)), percent of maximum oxygen uptake (%max)

caloric consumption (Kcal/hr), oxygen consumption

(VO 2 (1/min)), carbon dioxide production(VCO2 (1/min)),

respiratory quotient (RQ), and minute ventilation at

lungs (V BTPS *

Instrumentation

Analog signals were provided utilizing the following

equipment:

1) Inspired flow: the inspired flow was determined

utilizing a calibrated pnemotachograph (Fleisch) while the

pressure differentials at the pneumotachograph were monitored

utilizing calibrated +/_ 2 cmH 20 variable reluctance

pressure tranducers (Validyne Corp.).

2) Expired flow was measured in the same way as the

inspired flow.

3) Mask pressure was measured directly in relation to

ambient pressure utilizing a calibrated +/_ 50 cmH2 0

variable reluctance pressure transducer (Validyne Corp.).

4) Expired oxygen (%0 2 )-Mixed expired gas was passed

through a ten liter mixing chamber and a calibrated respiratory

gas analyser mass spectrometer (Perkin Elmer) was used to

continuously determine the concentration of
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02 within the mixing chamber.

5) Expired carbon dioxide (%CO 2 )-The expired Co2
concentration of the mixed gas was determined in the same

manner as was mixed expired 02 concentration.

Exercise Testing

Three subjects with varing levels of maximal aerobic

capacity (VO2 max) and pulmonary function capability

volunteered to perform the exercise tests ( see table I for

subject description ). Each of the subjects filled out a

medical history form, and had a twelve lead resting

electrocardiagram (ECG) to determine possible presence of

additional pathologies which might preclude them from

performing an exercise stress test.

The tests were designed so that metabolic as well as

ventilatory data could be obtained. Inspired flow, expired

flow and mask pressure, along with %02, and %CO 2 in

expired air were continuously measured while subjects

performed a maximum exercise stress test. The exercise

protocol was a treadmill ramp protocol in which treadmill

speed was a constant 3.4 mph ( a brisk walk) and treadmill

elevation increased 0.5 percent every twelve seconds. The

protocol required heart rate and blood pressure to be

measured every minute. All subjects were asked to continue

the test until exhaustion. At exhaustion, the treadmill
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TABLE I

SUBJECT CHARACTERISTICS

subject JAM MS JH

AGE(yrs) 27 26 26

Ht. (cm) 172.0 176.5 195.6

Wt.(kg) 65.4 68.0 104.0

VC(l) 4.7 5.1 7.6

FRC(l) 3.2 4.0 4.2

Vd (l) 0.22 0.26 0.36

Vmax5 0 (1/sec) 4.62 3.66 5.32

MVV.2 5 (1/min) 143.0 154.5 246.4
*RAW(cmH 2 0/l/min) 0.04 0.035 0.025

Cp(l/cmH2 0) 0.07 0.1 0.15

max VO2 (m1o2 /kg/min) 47.7 55.0 45.8

* airway resistance and pulmonary compliance are estimated (7)
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was lowered to a horizontal grade and at the same time the

treadmill speed was decreased to 2.5 mph, the subjects

continued to walk on the treadmill for an additional five

minutes (recovery period). During the test, the metabolic

data aquisition program was run on line, providing

printouts of metabolic data at thirty second intervals. At

the same time, inspired flow, expired flow, and mask

pressure were recorded using a four channel FM tape

recorder (Hewlette Packard). After the maximal test was

completed, the tape was played back through the computer

utiilizing the respiratory data aquisition program which

was used to calculate the respirator-reapiratory system

data as outlined above.

This procedure was conducted twice on each subject,

once with the subject breathing through a mouthpiece system

[Hans Rudolf breathing valve-(designated 'MP')] and a

second time while the subject used a modified certified

"pressure- demand" airline respirator (designated 'mask').

The respirator was modified by the placement of the

inspired pneumotachograph in the air line between the

regulatory valve and the facepiece (16). The exhaust valve

of the respirator was also modified to permit a collection

tube to be placed over it. These modifications did not

appear to hamper the performance of the respirator.

Data Analysis

These six experiments (three subjects performed two
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maximal exercise tests) provided measures of each of the

eleven modeled criteria for varying VE. Models for each

of these sets of conditions were then created using the

previously described formulas. Pulmonary resistance and

compliance were estimated for each of the subjects based on

information provided by Briscoe et al (7) see table (I).

Inspiratory and expiratory resistances for both the

mouthpiece and pressure-demand respirator were determined

by passing a number of known flows (measured via a Fliesch

pneumotachograph) across the device and simultaniously

measuring the pressure differential across it. Regression

analysis was conducted on the obtained data and the

resistance was determined as the slope of the best fit

line. The measured resistances for both MP and mask are

given in table (II). Compliance of the mouthpiece was

assumed to be zero (26), compliance of the respirator

system was measured by placing the respirator on a

plastic-foam manniquin head and injecting a volume of air

into the system and measuring the change in pressure in the

system (see table II). A program was created to generate

each of the modeled values for each epoch period based on

measured VE of each of the six experiments. Consequently

a total of twenty three data files were created for each of

the six experiments. These data files were used to relate

VE with the eleven modeled variables, and the eleven

measured variables.



TABLE II

BREATHING APPARATUS CHARACTERISTICS

MP MASK

Compliance (C ) 0.00
(1/cmHo201

Inspir. Res (Rm) 0.029
( cmH2 0/l/min)

Expir. Res. (Rm) 0.038
(cmH20/1/min)

Dead space (Vdm) 0.075
(1)

* units are in cmH20/(l/min)2

0.005

0.0001

0.00017

0.15
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CHAPTER III

RESULTS

Two basic types of analysis were conducted to

determine if the respirator-respiratory system could be

modeled, and if the proposed model related to the "in vivo"

respiratory system. If a statistically significant

correlation between each of the modeled variables and

ventilatory demand existed it would identify that some

degree of relationship was present. Clearly, if a

relationship existed, then it would be possible to develop

a model. It was assumed that such a relationship existed

and it was decided to determine if the proposed model

represented that relationship. The degree to which the

model represented the relationship was demonstrated by the

correlation between the experimental values and the

predicted values. The accuracy to which the model

simulates the "in vivo" situation was confirmed by

regressional analysis for predicted versus experimental

data. Finally, since the data did not permit statistical

analysis of difference or similarity between the predicted

values and experimental values, graphical representation

was used as the best method of describing the relationship

between the predicted and observed values.

29
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A correlation analysis was conducted for each set of

conditions to determine the degree of correlation between

each of the modeled variables and ventilatory demand

(VE). The results of that analysis indicated a high

degree of correlation among most of the modeled variables

and ventilatory demand (see Appendix 1 table ii). In

particular:

Breathing frequency (fb) was found to be highly

correlated with VE, P< 0.001. The degree of correlation

appeared to be more related to the individual

characteristics than to test conditions. The mean

correlation coefficient for the six tests was 0.917 with a

standard deviation of 0.067, the poorest correlation,

(0.807) was found in subject JH during the mouthpiece

exercise test. JH was the largest subject in the study and

consequently had the largest vital capacity and tidal

volume. Appendix 2, figure 1 illustrates the relationship

between breathing frequency and ventilatory demand for a

representative test condition.

In general, tidal volume (VT ) was found to, be less

correlated with ventilatory demand than any of the other

modeled variables. It was still highly correlated with a

mean correlation coefficient of 0.801 with a standard

deviation 0.228 for the six tests. The correlation was

significant at the P < 0.001 level in five of the
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six tests. The poorest correlation (0.343) was again

observed with subject JH during respirator wear, however,

the correlation was significant at the 0.05 level.

Appendix 2, figure 2 illustrates the relationship between

tidal volume and ventilatory demand for a representative

test condition.

Peak inspiratory flow (dvi/dt) was highly correlated

with ventilatory demand in all cases, with a mean

correlation coefficient of 0.923 and a standard deviation

of 0.0125, all tests were significant at the 0.001 level.

The poorest correlation coefficient 0.645 was also found in

subject JH while wearing a respirator. Appendix 2, figure

3 illustrates the relationship between peak inspiratory

flow and ventilatory demand for a representative test

condition.

Peak expiratory flow (dve/dt) was highly correlated

with ventilatory demand in all cases (P < 0.001). The mean

correlation coefficient was 0.955 with a standard deviation

of 0.032 for the six tests. The poorest correlation

coefficient (0.891) was found in subject MS while wearing a

respirator. Appendix 2, figure 4 illustrates the

relationship between peak expiratory flow and ventilatory

demand for a representative test condition. Peak

inspiratory mask pressure (P ) was highly correlated

with ventilatory demand in all cases (P < 0.001).
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The mean correlation coefficient was -0.975 with a standard

deviation of 0.0134 for all six tests. Correlation

coefficients were similar for all individuals and

conditions. Appendix 2, figure 5 describes the

relationship between peak inspiratory mask pressure and

ventilatory demand for a representative test condition.

Peak expiratory mask pressure (Pme) was highly

correlated with ventilatory demand in all cases (P<0.001).

The mean correlation coefficient was 0.94 with a standard

deviation of 0.04377 for all six tests. The poorest

correlation coefficient (0.851) was found in subject JAM

while wearing a respirator. Appendix 2, figure 6

illustrates the relationship between peak expiratory mask

pressure and ventilatory demand for a representative test

condition.

Peak inspiratory intrathoracic pressure (P..) was
11

highly correlated with ventilatory demand in all conditions

and subject (P < 0.001). The mean correlation coefficient

was -0.959 with a standard deviation of 0.0211 for all six

tests. Correlation coefficients were similar in all cases.

Appendix 2, figure 7 illustrates the relationship between

peak inspiratory intrathoracic pressure and ventilatory

demand for a representative test condition.

Peak expiratory intrathoracic pressure (P. ) was

highly correlated with ventilatory demand for all subjects
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and conditions (P < 0.001). The mean correlation

coefficient was 0.928 with a standard deviation of 0.03147

for all six tests. In general, correlation coefficients

were higher during mouthpiece wear than during respirator

wear. Appendix 2, figure 8 graphically represents the

relationship between peak expiratory intrathoracic pressure

and ventilatory demand for a representative test condition.

Inspiratory mask work (Wmi) was highly correlated

with ventilatory demand in all cases (P <0.001). The mean

correlation coefficient was 0.973 with a standard deviation

of 0.0124 for the six tests. Correlation coefficients were

similar in all cases. Appendix 2, figure 9 illustrates the

relationship between inspiratory mask work and ventilatory

demand for a representative test condition.

Expiratory mask work (Wme) was highly correlated

with ventilatory demand in all cases (P <0.001). The mean

correlation coefficient was 0.965 with a standard deviation

of 0.0203 for all six conditions. Correlation coefficients

were similar in all cases. Appendix 2, figure 10

illustrates the relationship between expiratory mask work

and ventilatory demand for a representative test condition.

Mask leakage index (Li) was highly correlated with

ventilatory demand in all cases (P <0.001). The mean

correlation coefficient was 0.962 with a standard deviation

of 0.0205 for all six conditions. Correlation coefficients
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were similar in all cases. Appendix 2, figure 11

illustrates the relationship between mask leakage index and

ventilatory demand for a representative test condition.

Model predictions for these eleven variables were

compared to the observed data utilizing regressional

analysis. The results of these analyses are summarized in

tables iii,iv,v of appendix 1 and a summary of these

results follows:

The relationship between the predicted and the

experimental frequency of breathing (fb) was significant

at the P < 0.001 level in each of the six experiments. The

model underestimated change in breath frequency relative to

ventilatory demand in every experiment, with regression

slopes ranging from 1.423 to 2.28, with a mean of 1.80.

The mean standard error of the regression for the six

experiments was 3.32. The model overestimated breath

frequency by a mean of 5.2 for the six experiments. Figure

3 illustrates a representative relationship between

predicted and observed breath frequency relative to the

time-course of the graded exercise test.

The relationship between predicted and experimental

values for the volume (VT) was significant at the P <

0.001 level in five of the six experiments, the sixth

(subject JH with respirator) was significant at the P < .05

level. The model predicted a greater change in tidal
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volume relative to ventilatory demand than was found in the
observed data. Regression slopes ranged from 0.295 to
0.771, with a mean of 6.27. The mean standard error of the
regression for the six experiments was 0.229. The model
underestimates tidal volume by a mean of 0.34 liters for
the six experiments. Figure 4 illustrates a representative
relationship between predicted and observed tidal volumes
relative to the time-course of the graded exercise test.

The relationship between predicted and experimental
peak inspiratory flow (dvi/dt) was significant at the P (
0.001 level in each of the six experiments. The model
predicted a greater change in peak inspiratory flow
relative to ventilatory demand than was found in the
observed data. Regression 'slopes ranged from 0.541 to
0.913 with a mean of 0.763. The mean standard error of the
regression for the six experiments was 18.88. The model
underestimated peak inspiratory flow by a mean of 15 1/min
for the six experiments. Figure 5 illustrates a
representative relationship between predicted and observed
peak inspiratory flows relative to the time-course of a
graded exercise test.

The relationship between predicted and experimental
peak expiratory flow (dve/dt) was significant at the
P < 0.001 level in each of the six experiments. The model
effectively predicted change in peak expiratory flow
relative to ventilatory demand, with regression slopes
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ranging from 0.912 to 1.203 with a mean of 1.05. The mean

standard error of the regression was 21.1. The model

underestimated peak expiratory flow by a mean of 53.3 1/min

for the six experiments. Figure 6 illustrates a

representative relationship between predicted and observed

peak expiratory flow relative to the time-course of a

graded exercise test.

The relationship between predicted and'experimental

peak inspiratory mask pressure (Pm) was significant at

the P < 0.001 level in each of the six experiments. The

model appeared to effectively estimate change in peak

inspiratory mask pressure relative to ventilatory demand.

Regression slopes ranged from 0.617 to 1.097, with a mean

of 0.806. The mean standard error of the regression for

the six experiments was 0.427. The model underestimated

peak inspiratory mask pressure by a mean of 0.23 cmH 20

for the six experiments. Figure 7 illustrates a

representative sample of the relationship between predicted

and observed peak inspiratory mask pressure relative to the

time-course of a graded exercise test.

The relationship between predicted and observed peak

expiratory mask pressure (Pme) was significant at the P <
0.001 level in each of the six experiments. The model

appears to effectively predict change in peak expiratory

mask pressure relative to ventilatory demand. Regression
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slopes ranged from 0.498 to 1.195 with a mean of 0.957.

The mean standard error of the regression for the six
experiments was 0.755. The model overestimates peak
expiratory mask pressure by a mean of 0.25 cmH20 for the
six experiments. Figure 8 illustrates a representative
relationship between predicted and observed peak expiratory
mask pressure relative to the time-course of a graded

exercise test.

The relationship between predicted and observed peak
inspiratory intrathoracic pressures (P i) was significant
at the P < 0.001 level in each of the six experiments. The
model overestimated the changes in peak inspiratory
intrathoracic pressures by approximately a two-fold
difference in relation to the ventilatory demand.
Regression slopes ranged from 0.439 to 0.665 with a mean of
0.557. The mean standard error of the regression was
1.126. The model overestimated peak inspiratory
intrathoracic pressure by a mean of 3.9 cmH20 for the six
experiments. Figure 9 illustrates a representative
relationship between predicted and observed peak
inspiratory intrathoracic pressures relative to the
time-course of a graded exercise test.

The relationship between predicted and observed peak

40
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expiratory intrathoracic pressures (P. ) was significant

at the P < 0.001 level in each of the six experiments. The

model appeared to slightly over-estimate the change in peak

expiratory intrathoracic pressure relative to ventilatory

demand. Regression slopes ranged from 0.629 to 0.949, with

a mean of 0.814. The mean standard error of the regression

for the six experiments was 1.05. The model overestimated

peak expiratory intrathoracic pressure by a mean of 2.2

cmH 20 for the six experiments. Figure 10 illustrates a

representative relationship between predicted and observed

peak expiratory intrathoracic pressures relative to the

time-course of a graded exercise test.

The relationship between predicted and observed

inspiratory mask work (Wmi) was significant at the P <

0.001 level in each of the six experiments. The model

slightly overestimated changes in inspiratory mask work

relative to ventilatory demand. Regression slopes ranged

from 0.648 to 1.097 with a mean of 0.808. The mean

standard error of the regression for the six experiments

was 4.388. The model overestimated inspiratory mask work

by a mean of 7.7 joules/min for the six experiments.

Figure 11 illustrates a representative relationship between

predicted and observed inspiratory mask work relative to

the time-course of a graded exercise test.

The relationship between predicted and observed

expiratory mask work (Wme) was significant at the P <
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0.001 level in each of the six experiments. The model

effectively predicted the changes in expiratory mask work
relative to ventilatory demand. Regression slopes ranged

from 0.799 to 1.271 with a mean of 1.067. The model

underestimated expiratory mask work by a mean of 3.0

joules/min for the six experiments. Figure 12 illustrates

a representative relationship between predicted and

observed expiratory mask work relative to the time-course

of a graded exercise test.

The relationship between predicted and observed mask
leakage index (Li) was significant at the P < 0.001 level
in each of the six experiments. The model slightly

overestimated the change in the mask leakage index relative
to ventilatory demand. Regression slopes ranged from 0.704
to 0.979 with a mean of 0.828. The model underestimated

mask leakage by a mean of 0.34 cmH2 0 for the six

experiments. Figure 13 illustrates a representative

relationship between predicted and observed mask leakage
index relative to the time-course of a graded exercise

test.
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CHAPTER IV

DISCUSSION

In reviewing the results of this study, two basic

questions were addressed.

1. Can the proposed respirator-respiratory system

variables be modeled utilizing ventilatory demand as the

predictive paramter?

2. How effectively does the proposed model predict any

of these particular variables based on ventilatory demand?

The experimental data demonstrates clearly that there

is a distinct and definite relationship between ventilatory

demand and each of the eleven modeled variables (see

Appendix 2, figures 1 to 11). In all but one case these

relationships were significant at the P < 0.001 level. The

variable with the poorest linear correlation with

ventilatory demand was tidal volume (significant at P <

0.001 level in five cases and P < 0.05 in the sixth). This

could be explained by reason of the fact that ventilation

tidal volume tends to stabilize at a fixed ratio (2/3) of

the individuals forced vital capacity (13,14,35) while

breath frequency linearly increases with increasing

ventilatory demand. The poorest individual correlation

between tidal volume and ventilation was R = 0.343.

46
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Several factors were identified to explain this poor

correlation. The first and most obvious factor was that in

this particular experiment minute ventilation was

particularly high, ranging from a low of 40 1/min to a high

of 125 1/min. In addition the data indicated that

throughout the better part of the experiment the subject's

tidal volume had reached its optimum level of 2/3 FVC and

therefore the breath frequency was the primary means by

which ventilation was increased (breath frequency for this

particular experiment had a correlation coefficient R =

0.841). Additionally, this particular subject (JH) had an

extremely large lung (vital capacity of 7.6 liters). This

larger lung capacity would enable the subject to introduce

a large variability in tidal volume during any single

breath simply by gasping or sighing. The subject also had,

by the nature of his large lung size, a low airway

resistance and an increased pulmonary compliance, which

would result in a reduced work of breathing (36). Evidence

in the literature has suggested that as the work of

breathing increases the subject will tend to a more

efficient breathing pattern (37,43). Conceiveably in this

subject the converse may have been true, in that in the

case of JH, efficiency of breathing pattern was not as

critical as in most individuals (1,15) and therefore in

part may explain the poor correlation.
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The data of the present study indicated a significant

and meaningful relationship between model prediction and

observed data for each of the eleven variables studied. In

all but one case these relationships were significant at

the P < 0.001 level. The mean R value for all

variables and all test conditions was 0.872. The model

underestimated change in breathing frequency relative to

ventilatory demand as work load increased in all cases. It

was noted that the model underestimated the fb change

more so in some specific subjects than in others. A

probable reason for the overall underestimation of change

in breathing frequency occured because the exercise test

consisted of a non-steady state progressive load exercise,

which did not produce an optimal breathing pattern (47).

As evidence exsists that training affects efficiency of

breathing (31), the rational of an optimal breathing

frequency can be supported by the fact that the model was

most accurate in predicting breathing frequency for subject

MS, the most highly trained (fit) subject used (see table

1). Mead et al (30) suggests that optimization formulae

for breath frequency should be designed to utilize minimal

force criteria rather than minimal work criteria. He bases

that suggestion on the fact that respiratory work is a

time-related phenomena. Since the conditions of the

experiments in this study were non-steady state, one might
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presume that the use of minimum force criteria rather than

minimum work criteria for the prediction of breath

frequency may have improved the model's predictive

accuracy.

Several of the possible reasons for the

underestimation of change in breath frequency relative to

ventilatory demand have also been identified. Johnson (22)

has stated that external respiratory resistance appears to

be only half as effective as internal respiratory

resistance in affecting ventilatory characteristics. The

proposed model treated external resistance and internal

resistance equally, resulting in a higher modeled airway

resistance than was effective in the "in vivo" situation.

This would contribute to an underestimation of changes in

frequency. Additionally, the model calculated alveolar

ventilation (VA) for all individuals and conditions in

the same way, namely by multiplying minute ventilation by a

constant 0.874. While this holds true for a dead space of

0.25 liters at optimal breathing frequency, it would not be

accurate when dead space was different from that value

(2,24,48). Since dead space was greater than 0.25 liters

in this study the constant 0.874 tends to overestimate

alveola ventilation, this would tend to contribute to an

underestimation of breath frequency change relative to

minute ventilation (see optimal frequency formula, page 8).
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As tidal volume was determined by dividing minute

ventilation by breathing frequency, the same reasons for

errors in breathing frequency contribute to errors in

predictions of tidal volume. Since the model

underestimated changes in breathing frequency relative to

minute ventilation, changes in tidal volume are

consequently overestimated (see figures 3 and 4).

The model predicted a greater change in peak

inspiratory breath flow due to the increase in work load

than was found experimentally (see figure 5). This may be

explained on the basis that the model utilized the same

breath shape at all ventilation levels. However, the work

of Silverman et al (46) demonstrates that breath shape

changes as a function of ventilation levels. Specifically,

breath shape becomes more rectangular at increased

ventilation volumes, this results in smaller breath shape

factors at low ventilation volumes and higher breath shape

factors at high ventilation volumes. These considerations

tend to explain the reason for the models overestimation of

changes in peak inspiratory and expiratory flows relative

to ventilatory demand.

Additionally, the model predicted a greater change in

peak inspiratory flow relative to minute ventilation during

"pressure demand" respirator wear than during mouthpiece

breathing. This in part can be explained by the fact that
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peak inspiratory flow is mechanically limited by "pressure

demand" respirators. Furthermore as noted above, the model

consistantly underestimated inspired and expired peak

flows, and this was partly explained by the fact that the

model utilitized a fixed rectangular breath shape factor

(0.875). Another potential reason for this underestimation

of peak flow was that the computer program utilized in

aquiring the experimental data utilized the greatest flow

that it sampled as being representative of "true" peak

flow. However, in reality it was possible that in some

cases this value may have been introduced by spurious noise

at the pneumotachograph.

Although the model appeared to effectively predict

peak mask pressure (see figure 6 and 7) there was reason to

believe that this was a fortuitous finding. In particular,

since predicted peak inspiratory and expiratory flows were

less than observed values, one would expect peak mask

pressures to be lower than observed values. The fact that

this did not occur suggested that the resistance measures

for both the mouthpiece and the "pressure-demand"

respirator were overestimated. Another possible reason for

this finding was that the model does not account for mask

leakage or compliance in determination of peak mask

pressure. Another possible reason for this finding may be

that measured peak flows may have been an instantaneous

occurance, and as such might not be representative of
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actual pressure differentials within the mask or

mouthpiece.

Peak intrathoracic pressure was included as a modeled

variable because it provided an indication of force applied

to the lung-chestwall system (18,28,29). In this study,

the model overestimated the change in peak inspiratory

intrathoracic pressure. This occured primarily because

the model assumed that flow was independent.of lung volume.

Consequently, the model assumes that peak inspiratory

intrathoracic pressure occurs at full tidal volume. In

reality, it has been shown that peak inspiratory flow

probably occurs at about one-third tidal volume (19,46)

hence, this would cause peak inspiratory intrathoracic

pressure to be less than if flow were maintained up to full

tidal volume. Interestingly, while the assumption of

constant flow throughout the tidal volume causes the model

to overestimate peak inspiratory flow, the same assumption

increases the effectiveness of the model's predictive

capacity for peak expiratory intrathoracic pressure. This

was found primarily because of the fact that the model

underestimated peak expiratory flow. Due to the fact that

the model underestimated peak inspired and expired flows,

and slightly overestimated peak pressures for a given

ventilation volume, it fortuitously predicted both

inspiratory and expiratory mask work quite effectively.
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The concept behind the "pressure-demand" respirator

has been that if a "safe" atmosphere was available to the

wearer, which was maintained at a pressure greater than the

contaminated atmosphere in which the wearer worked, the

likelihood of contaminants entering the mask would be

greatly minimized (17). As such, certification codes

require that a positive pressure be maintained within

the "pressure-demand" respirator mask under.a range of

ventilatory conditions assumed to be representative of

normal human ventilatory characteristics (12). In order to

determine the degree to which a respirator maintains a

positive-pressure under the modeled ventilatory

characteristics, an index was developed. This index has

been defined as a leak index in this study. It was assumed

that the index would be representive of potential leakage.

Basically, the index simply refers to the degree to which a

mask or mouthpiece is suceptible to inward leakage, it does

this by estimating the average differential pressure

between the mask and the environment, if the differential

pressure was positive (mask pressure > atmospheric

pressure) the index was zero. In the study, the modeled

and observed leak index were very similar. The reason for

this was largely because the model was effective at

estimating inspiratory pressure.

In addition to the above considerations, the proposed

model does not deal with one of the parameters that may
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influence ventilatory characteristics, that being system

inertance. System inertance refers to the inertia of the

tissue and gases within the respiratory system to

acceleration. The effects of respiratory inertance are

poorly understood, but it does appear to influence the

system in a manner which is analogous to inductance in an

electrical system (50). In the concept of respiration,

inertance would most closely simulate elastance, the

reciprical of compliance (44). Generally, measurements of

inertance within the respiratory system are usually ignored

because there isno effective way to directly measure it,

and it is assumed that the inertance of the respiratory

system is not significantly different from one individual

to another individual (8). However, in respirator

physiology there is no reason to believe that the inertance

of all respirators are equal. Conceiveably, respirator

inertance may have a significant influence on ventilatory

characteristics. Unfortunately, there are no established

methods for measuring the inertance of a respirator device

(44). At present, inertance is determined by measuring

compliance and resistance of a device, operating the device

(respirator) with a sine-wave pump, and treating all

unexplained phenomena as inertance related phenomena (45).

If a method for directly measuring respirator inertance

were developed, the effect of such inertance on
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pressure-flow relationship could likely be predicted and

incorporated to a model of the respirator-respiratory

system.

In summary, the study proposed that eleven

respirator-respiratory system variables could be modeled

utilizing ventilation demand as a predictive parameter. A

model was proposed which utilized work minimization

criteria for determining breathing pattern., The proposed

model was tested by comparing model predictions with the

results of experimental observations. Six experiments were

conducted in which each of the eleven variables were

measured during graded exercise tests utilizing on-line

computer data aquisition and analysis. The six experiments

consisted of three subjects of unique physical features

undergoing maximal exercise stress tests under two distinct

test conditions. While wearing a certified pressure-demand

airline respirator, and while breathing into a (modified

Hans Rudolf) mouthpiece breathing valve. The results of

the study indicate that the model effectively simulated the

respirator-respiratory system response to changing

ventilatory demand. Additionally, alternative methods of

modeling were proposed which would more precisely simulate

the respirator-respiratory system responses to non-steady

state exercise.



56

Conclusions

The results of this study demonstrated that a number

of descriptive variables of the respirator-respiratory

system could be estimated by modeling the system with a

given set of control parameters. Among these control

parameters were:

1. Subjects airway resistance (R ).p

2. Subjects lung-chest wall compliance. (CP).

3. Subjects functional residual capacity (FRC).

4. Subjects anatomical dead space (Vda).

5. Respirator inspiratory resistance (R ).

6. Respirator expiratory resistance (Rme)*

7. Respirator (mask) compliance (Cm*

8. Respirator (mask) dead space (Vdm).

9. Ventilatory demand (VE).

Although analysis of the results indicated that the

efficacy of the proposed prototype model was in part

fortuitous, the results indicated quite convincingly that

the above control parameters were effective in predicting a

number of respirator-respiratory system variables. The

proposed prototype, or a more refined model, should be

effective in determining the relative effectiveness of

altering any of the control parameters for the purpose of

respirator design and development. In addition, the model

may be effective in predicting worker tolerance to a

particular respirator.
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Recommendations

The proposed model might be modified in a number of

ways, these being:

1. Use of minimum force critera for determination of

optimal breath frequency.

2. Development of a more effective method for

determining alveolar ventilation.

3. Use of a shape factor which might vary relative to

ventilatory demand, more closely approximating human

breathing patterns.

4. Incorporation of respirator mechanical limitations

into the model.

5. Incorporation of face-mask compliance factors into

the determination of mask pressure.
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Appendix 1, Table i

CORRELATION COEFFICIENTS WITH MINUTE VENTILATION

MP MASK

subject: JAM MS JH JAM MS JH

fb 0.961 0.979 0.807 0.961 0.953 0.841,
Vt 0.938 0.956 0.675 0.923 0.971 0.343

dvi/dt 0.959 0.993 0.990 0.976 0.976 0.645

dve/dt 0.990 0.976 0.956 0.972 0.891 0.949

Pmi -0.951 -0.985 -0.990 -0.960 -0.973 -0.970

p 0:992 0.936 0.946 0.851 0.928 0.894
Ps -0.960 -0.991 -0.929 -0.966 -0.972 -0.936

p 0.984 0.948 0.929 0.919 0.894 0.894

W 0.979 0.979 0.989 0.949 0.971 0.969
S0.977 0.961 0.948 0.961 0.974 0.916

LT 0.978 0.985 0.968 0.899 0.957 0.985

* significant at p<0.05 all other values are significant at p<0.001
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Appendix 1, Table ii

CORRELATION COEFFICIENTS FOR PRIDICTED VERSUS EXPERIMENTAL VALUES

MP MASK

subject: JAM MS JH JAM MS JH

f b
Vt
dvi/dt
dve/dt
Pmi

P .
Wie
W e
Li

0.929
0.938
0.959
0.990
0.951
0.992
0.961
0.984
0.996
0.997
0.978

0.931
0.954
0.993
0.976
0.985
0.936
0.992
0.948
0.995
0.987
0.985

0.731
0.674
0.839
0.880
0.990
0.946
0.929
0.929
0.996
0.790
0.794

0.912
0.921
0.976
0.972
0.984
0.882
0.981
0.924
0.990
0.982
0.899

0.948
0.952
0.976
0.891
0.971
0.940
0.974
0.899
0.989
0.978
0.991

0.856
0.344
0.645
0.949
0.980
0.925
0.939
0.916
0.984
0.955
0.992

other values are significant at p<0.001*significant at p<0.05 all
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