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ABSTRACT

The flow breathing patterns of M nes Rescue personnel have been
measured using breathing resistances to simulate those of a nodern
closed circuit breathing apparatus. Three workrates were

undert aken, producing average mnute volunes of 34, 55 and 68
litres/min Body Tenperature and Pressure, Saturated (BIPS. An
anal ysis met hod has been devel oped to investigate breathing
waveform patterns, and a set of average waveforns has been
produced for each exercise. The shapes of the waveforns have been
studi ed, and factors to describe the shapes have been produced.
The characteristic shapes of the breaths change between exercises
and within the exercises. The peak flow of the inspiration phase
occurs at a constant interval, about 0.6 seconds, fromthe

begi nni ng of the phase; the peak of the exhal ati on phase occurs
after a constant proportion, approximtely 50% of the phase. The

overall shapes of the waveforns are flatter than sinusoidal

wavefornms and have a sharpness factor Q of between 2.6 and 2.7
irrespective of workrate. (For comparison, Q = 3.141 for a

si nusoi dal waveform Q = 4 for a triangular waveform and Q = 2

for a rectangul ar waveform).
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INTRODUCTION

BREATH NG APPARATUS WORN BY MEN

When nen breath against resistance, it has been observed that they
tend to modify their breathing waveforns. The form of the change
depends on several factors, including the level of resistance, the
presence of carbon dioxide, and the work rate. A dosed Grcuit
Breat hi ng Apparatus (QOBA) provides all these factors; the
apparatus inmposes a breathing resistance to both exhal ati on and

i nhal ation, the nouthpiece dead space and inefficiencies in or
exhaustion of the purifier cause carbon dioxide inhalation, and

the wearer is expected to do work whilst wearing the CCBA

The factors are interrelated in that the condition of the air
whi ch the wearer inspires fromthe CCBA is affected by the
workrate. In a CCBA, the purifier scrubs carbon dioxide from
exhal ed breath in an exothermc reaction, therefore the highest
i nspired tenperatures and carbon di oxi de concentrations may be
expected to occur after the highest flow rates through the

apparatus.

BREATH NG APPARATUS ON BREATH NG Sl MLATCRS

In the UK, CCBA are currently tested for performance using
breathing sinulators which operate with a sinusoidal flow
breat hi ng waveform at 40 litres/min BTPS, with 5% exhal ation

concentration of carbon dioxide.
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According to the performance of certain CCBA on the breathing
simulator, the user of the apparatus would have to inspire air at
a temperature which woul d be considered unbearabl e; however these

apparatus have been used without difficulty all over the world.

There would then seem to be justification for testing CCBA on
breathing sinmulators which do not utilise a sinusoidal waveform
but instead one which nore accurately represents the waveform
produced by nen. Breathing sinulators which can vary the

br eat hi ng wavef orm have been devel oped (Nelson et al., 1972;
Reimers, 1984), and one has been devel oped at RLSD which will form

the basis of a future report.

The waveforns typical of men wearing CCBA nmust be identified

before these variabl e waveform nachi nes can be used to test CCBA.

PREVI QUS WORK ON FLOWN WAVEFORMS

Previ ous work on the neasurenent of breathing flow wavefornms is
scanty. Silverman (1951) reviewed previous work and found little
information. In his own work, he tested subjects breathing air at
different work-rates using apparatus with an inspiratory

resi stance of 640 Pa (64 mmHp0g) and an expiratory resistance of
410 Pa (41 mmH20g) when neasured at 85 litres/min constant flow.
Hs results have since become a mich used source of waveforms for

vari abl e waveform breathing sinulators.
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Zechman et al (1957) tested eleven subjects breathing air at a low
work rate of 27 W (166 kgm/min) with inspiratory resistances or
expiratory resistances or both, and produced wavefornms for each
condition. He showed that the tidal volume (V) stayed largely
constant when inspiratory resistances alone were added, but Vg
increased with expiratory resistance. He also showed that the
time for the inspiration phase (Ty) increased but the tinme for the
exhal ati on phase (Tg) remained constant when breathing against
inspiratory resistances only, and showed a correspondi ng effect
with expiratory resistances only. The time of each phase was
greater with resistances in both phases. This effect had also
been observed by Silverman at work-rates of |ess than 180

W 1107 kgm/min).

Bentley and Love (1973) produced descriptive shape factors for
wavef orms when testing nen breathing against inspiratory

resi stances only, but conprehensive wavefornms were not produced.
Raven (1979) in a review of physiological changes arising fromthe
wearing of respirators called for nore work on shape factors,

especially at higher work rates.

There has been rmuch work carried out on the interrel ationships of
Vet with Ty and Tg under resistance and carbon di oxi de rebreathing.
A ark and von Euler (1972) and Gardner (1977) showed a two stage
behaviour. At rest and low workrates, Tg renamined constant wth
increasing Vtr but Tg shortened significantly. As Vg increased

above half vital capacity, Ty started to shorten, and Ty and Tg
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became nearly equal. The rel ati onshi ps between Vr and Ty and Vg

and Tg above this breakpoint were curvilinear and consistent for

each subject but very different fromsubject to subject. Newsome,
Davis and Stagg (1975) found that the minute vol une ((0, bei ng the
product of VT and the breathing frequency 1/TToT where Tror = T1 +
TE, was constant from breath to breath in resting subjects i.e.
that Vr and Tpor werelinearly correlated and crossed the Vg and

TTOTr axes near the origin.

It has been observed that mnute volunme is reduced when oxygen is
breathed instead of air, but the effect on the waveformhas not

been i nvesti gat ed.

OGBJECTI VES

The object of this research is to nmeasure the breathing patterns
of typical users of CCBA, and pick a characteristic flow pattern,
which is a representation of a typical breath to which the CCBA

woul d be subjected. In addition, the descriptive paraneters of

breath shapes are to be investigated.

In this first trial of a planned series, the work of Silverman is
to be repeated to establish the waveformof nen breathing air when
br eat hi ng agai nst resistances typical of CCBA The effect of
oxygen, el evated tenperatures and hunm dity, and carbon di oxi de

i nhal ation (apart from the nout hpi ece dead space) are to be
ignored. Essentially, this is to be a control experinent for

| ater tests.




Volume 4, Issue 2 Journal of the ISRP April-June 1986

MEASUREMENT CF WAVEFORMVS CF S| MULATED OLGBED A RAU T BREATH NG
APPARATUS

THE MONI TORI NG EQUI PVENT

A nout hpi ece assenbly consisting of valves and monitoring

equi pment was constructed so as to approximate the resistance to
flow characteristics of a nodern CCBA, as shown in Figs 1 and 2.
Al so shown in Fig 1 are the resistances as used by Silverman. In
the years since his work was carried out, the perfornmance of CCBA
has been inproved. The resistance characteristic of an older type

of CCBA is shown for conparison in Fig 1.

250 7
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200 !
1501 4 Relief 4
100 / 3
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FigureI. Breathing resigance charac-
teristics of closed circuit breath-
T ing apparatus and of the exper-
imental equipment. (Laboratory

51 air at 20°C.)
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Figure 2. The simlated CCBA mout hpi ece assenbly.

Two types of nonitoring systems were used. Mnute by mnute
averages of uptake of oxygen, production of carbon dioxide, mnute
vol ume, tidal volume, breathing frequency and heart-rate were
printed out by a respiratory nmonitoring system (P K Mrgan). This
utilised a vane respironmeter on the inhalation side of the

nmout hpi ece assenbly, and a nixing box and gas analysis systemto

nmonitor the average condition of the collected exhaled air.
Readi ngs were anal ysed by a computer, which produced the printout

as the exercise progressed.

Simul taneously, the flow waveformof the respiratory cycle was

nmeasured at the exhalation and inhal ation sides of the nouthpiece

using two heated Fleisch nmeters (Guld Godart No 3) connected to
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pressure transducers (Furness Controls FCOOl). Pressure and

t enper at ure neasurenments were nade at the mouth using a third
pressure transducer and a fast response thermocouple (Comark).
The flow signals were sanpled at 20 Hz, and stored for later
analysis in a multichannel conputer data |ogging system (devel oped
at RLSD | aboratories for use with an Appl e microcomputer). The
tenperature and pressure neasurenments were sanpled at 10 Hz and

simlarly stored.

DI FFERENCES BETWEEN CCBA AND THE MONI TORI NG EQUI PMENT

The mout hpi ece assenbly differed in performance froma cl osed
circuit breathing apparatus in that there was no provision for the
simulation of a relief valve. A closed circuit breathing
apparatus stores purified exhaled air in a breathing bag. A
supply of oxygen is fed into the breathing circuit, to replenish
the oxygen consuned by the wearer. If an excess of oxygen is
supplied, as is usually the practice, the breathing bag conpletely
fills, and the systempressurises. Arelief or spill valve vents
the excess oxygen to waste, causing a change to the pressure/flow
characteristic of the apparatus. The frequency of operation and
rate of flow through the relief valve depends on the severity of
the work undertaken, the pattern of breathing of the wearer, and
the oxygen flow rate into the apparatus. Each type of closed
circuit breathing apparatus therefore produces a quite different

relief valve characteristic, and a generalised sinulation is

i mpossible with an essentially open circuit method.
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The pressure/flow characteristics of the relief valves of two

types of OCCBA are shown in Fig 1.

CALI BRATI ON

The vane respirometer assembly was calibrated by passing a
succession of one litre punps of air in and out of the mouth tube
froma syringe prior to each subjects' program of exercises.
Constant flows were also measured through the assenbly to check
the linearity and calibration of the Fleisch neters. The signal
stored in the data | ogger is shown against true flow at room
temperature in Fig 3. It shows that the response was linear for
exhalation, and linear up to 150 litres/min for inhal ation, above
whi ch a second straight |ine gave a good approximation. The one
litre pul ses produced by the syringe were checked for consistency
with the constant flow calibration by integrating the pul ses. The
vol umes were calculated to be within + 1.5%of the true val ue.
This figure lies within 2 Least Significant Bits (LSB) divisions
of the Analogue to Digital converters used on the data |ogging
system Since two Fleisch neters were used and |ogged separately,

it iswithin 1 LSB for each instrunent.

Signal stored in logger

1507 (No. of LSB)
100}

(L/min) Inhalation flow 50
250 200 150 100 50

50 100 150 200 250
50 Exhalation flow (L/min)

100

150
Figure 3. Mouthpiece Fleisch flow-meter calibration. (Laboratory air at 20°C.)
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TEST PROGRAMMVE

The test programre for each subject consisted of a continuous
treadm Il walk at three work rates, perforned in the order shown
without a break between exercises. The exercises were

Exercise 1 6 kphon a level treadml|

Exercise 2 5 kph on a treadm !l inclined at 7i °

Exercise 3 6 kph on a treadnmll inclined at 7% °

The workrates were chosen to give expected mnute volunes of
approximately 40, 50 and 60 litres/min BTPS. Each exercise |asted

approximately six mnutes.

SUBJECTS
The subjects who performed the tests were all fit men aged between
21 and 44 years fromthe Mnes Rescue Service in the NCB Scottish

Area and were all experienced in the use of breathing apparatus.

DATA RECCORDED

Conmpl ete data on all three exercises was recorded for 35 men.
Four others could not conplete the third, mnost severe exerci se,
ei ther because they were fatigued, or because their heart rates
were above 160 per minute, and judged to be too high, and the
exercise termnated. Data fromthese four men was included for

the analysis of the first two exercises, making 39 in total.

The data was edited to utilise only the last three minutes and

twenty four seconds of data (equivalent to four kilobytes) to
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ensure that the subjects mnute volune had settled to his
workrate. The settling period was nonitored on the Mrgan
respiratory analyser, and was usually of about three mnutes

duration.

The flow data was collected in tw halves; the inspired air was
sanpled at roomtenperature and humdity with one Heisch neter,
and the exhaled air at approxi mately Body Tenperature and anbi ent

Pressure Saturated (BTPS with the second Fleisch neter.

To match the calibration gas, each sample half was converted to
"laboratory” conditions of 20°C, anbient pressure, dry and the two
hal ves sumred into one continuous waveform Al figures and
diagrans refer to flow at these conditions, unless otherw se

st at ed.
Extracts of the wavefornms of several subjects are given in Fig 4.
As can be seen, each subject produced rmarkedly different waveforns

with different breathing frequencies, tidal volumes and shapes.

The respiratory gas exchange during these three mnute periods

were col lected, and averaged for each exercise.
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Figure 4. Samples of data showing consistency of shape within subjects and
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ANALYSI S CF WAVEFORVE - DI SOQUSS| ON

PREVI QUS METHODS CF ANALYSI S

The methods used by Silverman and Zechman to cal cul ate the average
breath were slightly different. Silverman recorded flow patterns
phot ographically froma W recorder, and measured the rise time to
sustained flow, the time of sustained flow, the tinme of peak flow,
and the time to fall fromsustained flow to zero for each hal f of
the breath. These factors were averaged, and the snoot hest
possi bl e curve drawn through the resulting five points. The
standard devi ation breaths were produced by using the val ues of
the points plus their standard deviations and scaling themto the
average mnute volunme, tidal volume and maximum flow plus their
respective standard deviations. This technique produced sone

rather odd standard devi ation breath shapes at tines.

Zechman et al divided each half breath into five equal time
intervals, and the values of the flowin the intervals were
averaged. This resulted in half breaths of six points, and a nore
conmpl ex shape was produced, however no patterns for the standard

devi ations of the breaths were produced.

These approaches had the disadvantage that different types of

breath were conmbined with each other e.g. long drawn out breaths
were combined with short sharp breaths. Any changes in the

underlying pattern of short and long breaths was lost in the
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averagi ng process. A check by eye of the data showed that short

and long breaths did have different shapes.

FOURIER ANALYSI S METHCD

e comonly used nethod of analysing waveforms is to subject the
data to a Fourier analysis, which produces a waveform containing
the fundamental frequency and harnonics, so constructing the shape
of the waveformwithin the fundamental. This nethod produces a
singl e waveform, but suffers fromthe sane drawback as the mnethods
descri bed previously, that is that different types of breath are
combined, losing any structure that may exist anongst short and

| ong breaths.

METHOD COF ANALYSIS FOR THESE EXPERI MENTS

The approach deci ded upon was to divide breaths into categories by
breath length, and only combine and average breaths within each
cat egory, producing a series of averaged breaths ranging fromthe
shortest to the longest. Subjects who breathe slowy and deeply
tend not to be conbined with subjects who breathe quickly, and any

underlying change in the structure of their breaths is not |ost.

Each breath recorded consists of an integer number of digitised
poi nts sanpled at equal time intervals. The number of points
determ nes which category the breath is to be classified in. The

nean val ue of each equivalent point fromall the breaths within
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that category produces a category nean breath. Each point in the

category nean breath therefore has a standard deviation associated

with it.

The total population of breaths is therefore represented by a
frequency distribution of the occurrence of each breath |ength.
This is weighted by time by multiplying the nunber of breaths in
each category by its duration, to produce distributions sinilar to
those in Fig 5 (discussed nore fully later). This is necessary to
prevent short breaths being given nore weight than long breaths
because of their greater number per unit time. The breaths which
correspond to the mean and any other quantile of these

di stributions can then be selected from the frequency

distributions, and the shapes of these breaths can be exani ned.

The sane anal ysis approach may be adopted for each individual

subject, producing individual subject mean breaths and subject

limt breaths, if the subject provides sufficient data. In view
of the small anount of data produced by each subject, this has not

been done for these experinments.

SELECTION CRITERI A

Several criteria for deciding what constitutes a valid breath were
i nvesti gat ed. The selection of a breath from a continuous series
of inspirations and exhal ati ons may by made from one of two

starting points:
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a) starting fromzero flow, an inspiration, followed by an

exhal ati on, and ending at zero flow

b) starting fromzero flow, an exhalation, followed by an

inspiration, and ending at zero flow

400+(seconds)
360__ Distribution of breath
320+ lengths for all subjects
1
2807 Exercisel
240- Inspiration first
200
160 !
120+ ’
807 ‘ |“|‘
40+ ‘! | I| h||l|,m,|| |
0_
0 1 2 3 7 8 9

Breath length (seconds)

4007 (seconds)

400: (seconds) Distribution of breath .

3601 lengths for all subjects 3604
3204 Exercise 2 320: Distribution of breath
2804 Inspiration first 980 : lengths for all subjects

240: . Exercise3

i Inspiration first

200

1601

120

80

40
0- t — L
0 6 7 8 9

Breath length (seconds) Breath length (seconds)

Figure 5. Time weighted frequency distributions of whole breaths, as selected
with the inspiration phase first.
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This assunes that the second phase of a breath is to be
categorised along with the first, i.e. that the shape of a phase
will affect the shape of the subsequent phase. |f however, each
phase is treated entirely separately then the two half breaths may
be anal ysed separately into categories, each with its own
frequency distribution. A whole breath may then be constructed
fromthe averaged half breaths by nmatching quantiles of the two
distributions at a point at which the tidal volunes of the two

half breaths are the sane.

The nethods a) and b), although they allow the second phase to be
grouped with the first phase, have the effect of invalidating the
calibration. TIf two breaths of equal total length but different
respiratory tinme ratio (RTR equal to Tg/TtoT x 100) are averaged,
there is a point at which the exhalation fromone breath would be
conbined with the inspiration of another. The total phase vol unes
woul d be less than the sum of the two individual breaths phase

vol unes, and the shapes of the phases would be distorted at the
cross-over. Therefore the categorisation of breaths was carried

out with half breaths only.
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REJECTION CR TER A

Rejection criteria for double inhalations or exhalations caused by
swal lowing were identified by a sinlar process of checking the

m ninmum length of a phase to that of Lind et al. (1984). They
accepted a breath if a phase was longer than .1 second, only if
the previous phase was |onger than .3 seconds, and if inspiratory
vol une exceeded .14 litres or expiratory nouth pressure exceeded
an unspecified val ue, depending on which phase was under

consi derati on.

Since a certain anmount of nouthpiece valve flutter was observed in
these experiments it was found by trial and error that a breath

should be rejected if the following conditions were met:-

(i) First phase less than .15 seconds (noise in the signal)

(ii) Second phase less than .45 seconds, but allow ng the

full .45 seconds to elapse before rejecting. This

allowed a brief recrossing of the zero axis to allow for

valve flutter and noi se

(iti) Inhalation or exhalation volumes less than than .01

litres.

It was decided that valve flutter effects should be included in
t he neasured waveforms because observation of the effect of the

noni toring equi pment on the man was the aimof the experinent.
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Identification of breaths was found to be nmore reliable if the
reference position was slightly above or slightly below zero flow
This ensured that breaths with inspiratory or expiratory pauses
were classified into categories in a consistent fashion. The
final choice of reference flow was equivalent to 7 litres/mnute
inspired, and the rejection criterion (iii) was introduced to

ensure that the breath actually crossed the zero flow point.

The reference point level and the rejection criteria were

devel oped by visually displaying each breath on the computer and
following the computer rejection process by eye. Qbviously 'good'
breaths that were rejected or obviously 'bad' breaths that were

accepted were identified, and the selection process refined.

The sanple of data for each man for each exercise was processed in
turn and two phase length frequency distributions and two sets of
cat egory nean phase breaths for each exercise were produced. The
frequency distributions were weighted by time to produce
distributions of the time spent by the subjects breathing at each
rate, rather than distributions of the number of breaths at each

rate.

The selection nethods a) and b), although they cannot be used to
produce category mean breaths, can be used to produce total breath
length distributions. Fig 5 shows the breath |ength
distributions, time weighted, obtained by selecting whole breaths

using nethod a).
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CATEGORY MEAN BREATHS

A category containing about 200 sanpl e breaths was chosen at
random The data points in each equival ent sanple in the category
were i nspected and all found to be normally distributed. The
cat egory phase nmean breat hs were therefore constructed using the
arithmetic nean of each equival ent point fromall the half-breaths

inthat category.

Figs 6, 7 and 8 show a sel ection of category nean breaths, with

the standard devi ati ons of each point, fromeach exercise. They
wer e construct ed as whol e breat hs by conbi ni ng the appropriate
hal f breaths fromthe equi val ent (tine wei ghted) quantiles from

the frequency di stributions of the half breaths.
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Figure 6a. Examples of the category mean breaths. The dots represent the

standard deviations of each datum point.
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o Inhalation contains 78 breaths 150 Inhalation contains 24 breaths
150 T Tidal volume = 2.443 litres Tidal volume = 3.078 litres
Frequency = 18.73/min Frequency = 15.2/min
100} Minute volume = 45.754 L/min 100 Minute volume = 46:78 L/min
50- . 50° _
0 A 2 Exhalation “ND il 2 Exhalation
0 " Time (seconds) o - Time(seconds)
] Q' =2726 Q" =285
-501 QE’ = 2.688 -501 Q' =2.765
TPI = 591 sec TPl = .633sec
-100{ TPE = .853sec ’ -1001 TPE = 1.16sec
150- 150
Total Total
-200- 0 A 2 3 Time (seconds) -200- 0 1 2 '3 ' Time (seconds)

Figure 7b. Examples of the category mean breaths. The dots represent the
standard deviations of each datum point.
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Flow (L/min) Category mean breath
5% ile Exercise 3
200 Q:E = %ggé Exhalation contains 119 breaths
"I STR - 5'0 274 Inhalation contains 80 breaths
1504| ’ Tidal volume = 1.982 litres
I Frequency = 36.07/min
100‘ Minute volume = 71:481 L/min
507
| U i1 Exhalation
Ot— Time (seconds)
Q" =2.935 f
-504 QE' =2.713
TPl = .492 sec \Y /
-100] TPE = .465 sec |
-150
Total
»ZOOJ g '1_ 12 Time(seconds)
Flow (L/min) Category mean breath
Ql = 2.688 10% ile Exercise 3
2007 Qe = 2.789 Exhalation contains 202 breaths
RTR = 48.315 Inha ation contains 248 breaths
150 Tidal volume = 2.03 litres
A\ Frequency = 33.03/min
100 . / Minute volume = 67.059 L/min
50
Il Exhalation
01— Time (seconds)
Qlr = 2778
501 QE’ = 2.895
TPI1= .548sec
-100{4 TPE = .459 sec
-1504
Total
-200- 0 2 Time (seconds)

Flow (L/min) Category mean breath
o i .
al = 2672 15% |Ie‘ExerC|seA3
2007 OE = 2.778 Exhalation contains 252 breaths
RTR = Inhalation contains 347 breaths
1504 Tidal volume = 2.06 litres
i Frequency = 31.37/min
1004I Minute volume = 64.615 L/min
50-
Exhalation
0 Time (seconds)
arr = 2791
50 QT - 2,697
TPl = .B4Gsec
-1004 TPE = .461sec
-150
Total
-200+ 0 Time (seconds)
Flow (L/min) Category mean breath
Ql 25% ile Exercise 3
200 1RQI% Exhalation contains 292 breaths
| Inhalation contains 425 breaths
150 Tidal volume = 2.098 litres
100 Frequency = 29.85/min
g Minute volume = 62.632 L/min
504
1 Exhalation
0- Time(seconds)
Q" = 2.728
-504 QE’ = 2.687
TPI = .538sec
-1001 TPE =.514sec
-1504
Total
-200 0

Time (seconds)

Figure 8a Examples of the category mean breaths. The dots represent the

standard deviations of each datum point.
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Flow (L/min)
_ Category Mean Breath
8:5 ;225?11? 50% ile Exercise 3
200 RTR = 5'1.711 - Exhalation contains 153 breaths
150 — Inhalation contains 225 breaths
Tidal volume = 2.132 litres
100- Frequency = 26.01/min
Minute volume = 55.458 L/min
50-
o 1 12 Exhalation
Time(seconds)
Ql’ =2,722
50-1 QE’ = 2.603
TPl = 581 sec 7
1001 Tpe = s67sec
-1501 -
Total
-200- 0 1 2 3 Time(seconds)
Flow (L/min)
Category Mean Breath
I =2.719 . )
200 8E - 2.701 75% ile Exercise 3
RTR = 50.039 Exhalation contains 127 breaths
150 L Inhalation contains 84 breaths
) . Tidal volume = 2.523 litres
100 Frequency = 21.04/min
Minute volume = 53.085 L/min
50
1 12 Exhalation
0 Time (seconds)
ar
-50- QE’ =
TPI
-1001 TP
-150+ .
o Total
-2004 -0 A 2 3 Time (seconds)

Flow (L/min)

Category Mean Breath
85% ile Exercise 3

2001 Exhalation contains 59 breaths
Inhalation contains 48 breaths
1507 Tidal volume = 2.764 litres
Frequency = 19.02/min
1001 Minute volume = 52.56 L/min
50
o 2 Exhalation
0 Time (seconds)
-50
-100+
-1504
Total
-200- 0 L 2 3 Time (seconds)
Fl L/min
ow (L/min) Category Mean Breath
Ql  =2821 90% ile Exercise 3
2007 QE = 2.753 Exhalation contains 22 breaths
1504 RTR = 50271 Inhalation contains 35 breaths
g Tidal volume = 2.906 litres
Frequency = 17.11/min
100- Minute volume = 49.713 L/min
50+
0 12 Exhalation
Time (seconds
Ql’ = 2.806 ( )
-50-] QE" = 2.768
TPI = .543sec
-1004 TPE = .99%ec
-1504
o Total
-200- 0 1 2 3 4 Time(seconds)

Figure 8b. Examples of the category mean breaths. The dots represent the
gandard deviations of each datum point.

The justification for this is that:

(i)

The quantil e conbi ned breaths are of simlar |ength when

compared t 0 t he equi val ent quantile breath | engths sel ect ed

fromthe whole breath distributions shown in Fig 5.

Al so

they are sinilar to whole breath distributions using

sel ecti on process b).

in Table I. It

distributions, where very few breaths fall

The results are shown for conparison

is only at the upper end of the

i nto individual

categories, that thedistributions diverge.
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TABLE 1

QUANTILES CF THE D STRI BUTIONS CF COMBI NED HALF BREATH LENGTHS COMPARED W TH
VWHOLE BREATH LENGITHS

Quantile Conbi ned Hal f Wol e Breath Lengths Wiol e Breath Lengths
(tine Breaths Length Inspiration First Exhal ation First
weighted) (seconds) (seconds) (seconds)
EXERC SE 1
2.5% 20  (102)( 60)a 2.0 ( 45) 2.05 ( 40)
5% 2.1 (104)( 80) 2.1 ( 52) 2.15 ( 53)
10% 2.25 (123)( 97) 2.25 ( 54) 2.3 ( 56)
15% 2.4 202)(115) 2.4 ( 81) 2.45 (72)
20% 2.5 2158%1223 2.5 (73) 2.55 (70)
25% 2.6 (158)( 98) 2.6 (63) 2.65 (62)
50% 3.2 (92)( 99 3.2 (48) 3.2 (47)
75% 4.15 ( 40 39 41 (22) 4.0 (23)
80% 4.4 ( ( 23) 43 ( 20) 4.2 (23)
85% 475 ( 2)( 29) 4.6 ( 10) 4.5 (17)
90% 53 10( 9 51 ( 4 50 ( 7
95% 6.5 2 8§( 2; 6.0 ( 5 59 ( 2
97. 5% 7.5 ( 2( 49 175 ( 3) 7.15 ( 3
EXERCI SE 2
2.5% 1.7 ( 7)( 84) 1.75 ( 45) 1.75 ( 32)
5% 1.9 (124X111) 1.85 ( 30) 1.9 ( 40)
10% 2.0 (186)(169) 2.0 ( 90) 2.05 (84)
15% 2.1 229) (169 2.1 ( 95) 2.15 99)
20% 2.2 § 261X187§ 2.2 (118) 2.25 (129)
25% 2.25 (261X199) 2.3 (88) 23 (107)
50% 2. 65 (171)(160) 2.65 (91) 2.7 ( 86)
75% 3.2 ( 78)(108) 3.15 ( 55 3.15 ( 66)
80% 3.4 ( M0( 59) 33 (41) 3.25 (34)
85% 3.6 ( 4 36) 3.5 (21) 3.45 (23)
90% 395 ( 2%( 30) 38 ( 9 3.8 (14)
95% 4.6 ( 6( 100 4.5 11) 4. 45 ( 8
97. 5% 525 ( 3)( 7) 4.8 E 4) 5.15 ( 2)
EXERC SE 3
2.5% 1.55 ( &)( 80) 1.55 (43) 1.55 (. 38)
5% 1.65 ( 80X119) 1.65 (45) 1.65 (44)
10% 1.8 (248X202) 1.85 (121) 1.85 (110)
15% 1.9 (347)(252) 1.9 (147) 1.9 (156)
20% 1.95 (347)(292) 1.9 (188) 1.95 (183)
25% 2.0  (425X292) 2.0 (176) 2.0 (195)
50% 2.3 (225x153) 2.3 ( 80) 2.3 ( 80)
75% 2.85 84) (12 2.85 (46) 2.8 (. 49)
80% 2.95 2 62)( 73 2.95 ( 45) 2.95 ( 34)

\]
Pt
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TABLE 1 Continued

85% 315 ( 48)( 59) 3.1 ( 30) 31 ( 38)
90% 35 (24)( 32) 345 ( 18) 3.3 ( 17)
95% 40 ( 7( 9 35 ( 4) 3.85 ( 4)
97.5% 45 ( 7 7) 445 ( 2 4.45 ( 8

a The numbers in brackets after the breath length refer to the nunber of
breaths within the category breath length. There are two numbers in
brackets after the combined half breaths |engths, because there are
di fferent nunbers of sanples in the two individual half breath categories
fromwhich the quantil es have been selected.

(ii) The tidal volunes of the two equival ent quantile nean hal f
waveforms are simlar, producing an error in the conbined
breath typically equivalent to less than 1 LSB zeroing

error fromthe |ogging system.

(iii) The tidal volumes of the quantile mean breaths have a
monotonic, though not necessarily linear, relation to
breath length. Thus there is only one category with the

matching volume.

The two hal f wavefornms were conbined into one by sinply placing
the exhal ation next to the inspiration, and the exact position of
the zero flow chosen inside the + 1 LSB band so as to equalise the
two hal f waveformvolunes. This ensured that the wavefor mwhich
woul d be reproducabl e on a vari abl e wavef or m breat hi ng sinul ator.
The exact length of the breath was esti mated by extending the
straight line fromthe second data point to the first data point
and down to the zero flow axis to find the start of the breath,

and by using a simlar procedure on the last two points to find
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the end. The breath lengths shown in Figs 6, 7 and 8 are
therefore not integer numbers of data points, as in Table |, but

extrapolations between the integers.

It is interesting to note that no sign of valve flutter can be

seen in the category nean breaths. It has been lost in the

averagi ng process.

FACTORS DESCRI Bl NG WAVEFORMS - DISCUSSION

Havi ng obtained three series of category nean breaths there nust
be characteristics picked fromthe breaths to define their

“shapes”.

Q FACTOR AND RTR

One comonly used index is the shape factor Q essentially a
"sharpness" factor. Each phase of the waveformrequires a Q
factor, hereafter called QI and QE, defined as the peak flow in
the appropriate phase divided by the overall average flow (in this
case, the ninute volume). For a square or symetric rectangul ar
waveform the Q factor can be shown to be 2. For a sinusoidal
waveform, the Q factor is n. For a triangular waveform the Q

factor is 4, see Appendi x 2.
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If the Q factors are corrected for RTR that is QI' = QI x (100 -

RTR)/50 and QE' = QE x RTR, then QI' = QE' = 4 for all RTR and the
50

shape factor Q'will identify the underlying shape of each phase

consistently.

If this factor is applied to the results mentioned previously,
then Silverman produced QI' from36 at rest to 28 at high work-

rates, and QE' from 3.1 falling to 28

Bentley et al produced values of QI' of 2.85 + .17 and QE' of

2.34 + .05

TIME OF OCCURRENCE OF PEAK FLOW

The two indices Q' and RTR are Insufficient to identify a basic
shape since the position of maximum flow in the phase must be
located. A new factor Tp is introduced, defined as the tinme from
t he beginning of a phase at which the peak occurs. Each phase
requires a Tp factor, hereafter called Tpy and Tpg. Tp is defined
as a tine rather than as a proportion of breath length because it

is a nore useful nmeasure, as will be shown |ater.
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FACTORS DESCRI Bl NG WAVEFORMS - RESULTS

CATEGORY MEAN BREATHS

As expl ai ned above (Method of Analysis for these Experiments), the
category mean breaths for each percentile of the frequency
distributions can be calculated. The factors describing the
category nean breaths are shown for each exercise in Figs 10 a to
c as scatter plots for each factor. Each point is the mean of all
the breaths in the category in which the quantile occurs. Since
the distributions are tine weighted, there are many nore sanples
in the shorter categories than the longer ones (see Table I). The
scatter is nore apparent therefore at the |onger breath categories
whi ch may contain only 6-7 breaths, than the shorter categories,

whi ch nay contain over 100.

Q Factors

E is typically 2.4 to 3, rising slightly with exercise rate shown
in Fig 10a. There seens to be a mninumat Tg = 1.2 to 1.4
seconds. ((E is higher, typically 3.2 to 2.6, falling with
exercise rate. Again there seens to be a minimum at Ty = 1.2

seconds.

Correction for RTR produces QE' and QI' which have equal val ues
for each phase and which show no variation between exercise rates.
QE'" and QL' are typically 2.6-2.8, with only extrenely |ong
breaths rising above 2.8, The mninma are again seen at Tg and T1

= 1.2 to 1.4 seconds.
77




Volume 4, Issue 2 Journal of the ISRP April-June 1986

The bulk of the breaths are represented by the points at the
minima of the plots, so for each exercise, QI' and QE' are in
general 26 to 27. Mnimsing Q', i.e. reducing the peak flow in

the breath, reduces the respiratory work over the breathing cycle.

Q factor Q' factor
3.5_ 35_
QE | QI . QE' | ar
ek ’ )
34 ’q i’? "’., 3- &
a o ' : o
”u": °‘aﬁ' ‘gﬂf
o | - n.-{ ﬁ
* %2-5- ° 25
o
Exercise 1
r—r 1 Tt -1 111 f i e T T T . |
4 3 21 012 3 4 4 321012 3 4
Te (seconds) T Te (seconds) T

Q factor Q’ factor Q factor Q' factor
QE Ql .+ QE' | ar . QEl Qi = QE’| Qr
5 . c‘ a o
. 1. ¢ ‘., 3 . H 31 ¢ ®. P .
' - ﬁ ) » ‘.. = : }‘H = e ; ' as
o [
. * we " # B
a%“\ V %‘ § i . i 1) &
425 25 125 25
Exercise 2 Exercise 3
4 321012 3 4 li 3; 2I i 0 ]I. 2r 3I lll 4 3 2 10 Zi. é é éll ;1 :l’: é i 0 i 2l 3I éll-
Te (seconds) T, Te (seconds) Tl Te (seconds) T Te (seconds) T

Figure 10a. Scatter plots of the factors of the percentile category mean breaths.

RTR

The respiratory time ratios of the quantile category nean breaths
are shown in Fig 10b. This shows that RTRis fairly constant for

all breaths at each exercise, but dimnishes from 52%-547% at the
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| oner workrate to 50%-527% at the higher workrate, agreeing with
the results of dark and von Euler and Gardner. The apparent

structure is due to the integer numbers of data points in the

breaths.
RTR RTR RTR
601 (%) 601 (%) 607 (%)
5‘%‘@:\' e _ay ~
oy o N
. QN-:;"“‘ ) -
50- 50/ 50{ o= @
40+—1—T —T T-T—t—1——1 40 ——-r——r—r—— 40 ¢ 1 1 1T 1T 1T ¢
012 3 456 7 8 ¢ 1 2 3 45 6 7 8 01 2 3 456 7 8
(seconds) Trot (seconds) TroT (seconds) TroT
Treak Tegak T peak

3 (seconds)

37 (seconds)

37 (seconds)

24 24 24
I 9 ©am 0
- G:% EH
% ‘;{ 1 . A1
H L A - {
T T T T T T T 1 T T T T T T T Tt T T T T T T T 1
4 321 01 2 3 4 4 321 01 23 4 4 321 01 2 3 4
Te (seconds) T| Te (seconds) T, Te (seconds) T|
Exercise 1 Exercise 2 Exercise 3

Figure 10b. Scatter plots of the factors of the percentile category mean breaths.

Peak Flow

The peak flow factors Tpy and TpE for the quantile nean breaths

are also shown in Fig 10b.

They show that Tpg is linearly rel ated

to Tg, i.e. that the peak occurs at approxinately the sane

proportion of the phase |ength,
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varies little with breath I ength or exercise, the bulk of the
points occuring at Tpr of approximately 0.6 seconds. This may be
seen by exani ning the shapes of the quantil e nean breaths in Figs
6, and less obviously in Figs 7 and 8. The peak of the
inspiration of the 5%le breath occurs to the right of the phase.
As the breath length i ncreases, the inspiration becones
symmetrical, and eventually skews to the left. The exhal ation

phase devel ops a shoulder to the right, the first part of the

phase naintaining a constant shape in proportion with the length
of the breath. The shapes of the higher quantiles break down as
the nunmber of sanples in a category becorme fewer, and the effects

of signal noise are seen nore clearly.

Tidal Volune and M nute Vol une

The tidal volunes of the quantile category nean breaths are shown
in Fig 10c. At each workrate, Vr increases and Tror, T1 and Tg
shorten in a linear relationship, as found at higher workrates by
Gardner. The VT/T lines cross the Vp axis at a higher value of Vg
for higher workrates. This agrees with Newsone, Davis and Stagg,
who neasured V7/T for resting subjects, the regression line

crossing the Vr axis slightly above the origin.

The m nute vol une decreases with increased breath length. There
appears to be a two stage slope to the V/TTOT pl ot suggesting that
VT is not quite linear with T, however it is inpossible to fit a
| east squares regression to these lines because of the different

nunbers of breaths contained within each point.
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Figure 10c. Scatter plots of the factors of the percentile category mean breaths.

ANALYSI S OF | ND VI DUAL BREATHS

The factors of the breaths may be cal cul ated for each individual

br eat h.

This has been done for whol e breaths defined as an

inspiration foll owed by an exhal ation for the same data from which

the category nean breaths were derived,

and rejection criteria.

In this analysis,

using the sane deci sion

there was no reason to

suppose that the volunme exhal ed would be sinlar to the vol une

inhaled in an isolated breath, and t

interpolated to bal ance the vol ures.

herefore no zero flow |line was

Specinen results of the

factors are shown as scatter plots Fig Ha to c together with

|'i near

regression |ines where appropriate.

The factors and

regressions are summarised in Table 2.
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TABLE 2

Regression lines of best fit of breath factors obtained from individual breaths,

inspiration phase chosen first at laboratory conditions.

Equation of the formy = A + Bx.

EXERCISE 1 2414 Breaths

Factors A B Significance of fit v Correlation
y [ X * std tsed (prob. y =vy) *std co-
error error error efficient

Vr1/T1 .432% 022 .822%,014  p<.025 1.648%,011 77
- Vg /Tg .490%,027 .697£,015  p<.025 1.676%.012 .69

Vor/Tp .418%,025 .387t,008  p<.025 1.648%,011 72

Vog/Tp .368*. 026 .4111,008  p<.025 1.676%.012 .73

Tp1/T1 .408%,012 .164%,008  p<.05 .650%,024 .39

Tpg/Tg .164%,018 367,010  p<.025 .788%,007 .59

(/1) /T 91 *.05 1.02 .03 p<.025 2.42 * .02 .56

(Tg/Tpg) /Tg n.s 2.43* 03

(Tpe/Tg) /Tg n.s .470%,003

QI/Tg n.s 3.204%,012

QL'PTy n.s 2.938%,007

QE/Tg n.s 2.848%,014

QE'/Tg n.s 3.012%,009

RTR/TT n.s 536 t .1

‘:’I/TT n.s 31.4 ¥ 2

Vg /Ty n.s 319 * 2

Tp = 1.48%,01

Tp = 1.70%,01

Tp = 3.18%,02

B e T

[
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TABLE 2 continued

EXERCISE 2 2960 breaths

Fac;ors A* 2 ) Signibfica:c_e)of fit ¥ord coeg?&agent
y X eﬁgr- e?Eor (pI’O -y =) error

Vrp /Ty .676%,025 1,100,019  p<.025 2.086%.010 73
Ve /Tg .829%,031  .935%.022  p<.025 2.108%,010 .62
Vo1 /Tr .633%,029  ,548%.011  p<.025 2.086%,010 .69
Vrp/TT .651%,030  .550%.011  p<.025 2,108%.,010 .68
Tp1/T1 .384%,010  .179%,007  p<.05 .613%,003 42
Tpg /Tg .039%,014  ,488%,010 p<.025 .706%.005 675
(T{/Tpp) /Ty .85 .09 1.04 £,03  p<.025 2,175%,013 .56
(Tg/Tpg) /Tg n.s 2.074%,012
(Tpg/Tg)/TE n.s .518%.003

QIL/T n.s 2.981%,008

QL' /Ty 2.54 *,02  ,253%.015 p<.05 2.860%,006 29
QE/Tg n.s 2.779%,007

QE'/Tg 2.42 *,02 314,014 p<.05 2.853%,006 .38
RTR /Tt n.s 51.7 *.1

V1/Tp 58.9 *-.7 -4.21 ,25 p<.05 47.6 .2 29
Vg /Tp 59.8 t.7 -4.38 .25  p<.05 48.1 .2 31

Tp - 1.282%,007
Tg = 1.367%,007

2.649% 013

—
~
1
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TABLE 2 continued

EXERCISE 3 3013 breaths

Factors A B Significance of fit Y Correlation
y | x tstd * std (prob. y = tstd co-
error error error efficient
Vr1/T1 .969%,025 1.100%,021 p<.025 2.235%,009 .69
Vrg/Tg 1.104%,029 .981%,024 p<.025 2,253%,009 .60
Ve /Ty .961%,028 .549%,012 p<.025 2.235%,009 .65
Vg /Tt .957%,028 .558%,012 p<.025 2.253%, 009 .65
Tp1/T1 .314%,009 .227%,007 p<.05 .574%,003 .49
Tpg /T .034%,011 .516%.009 p<.025 .638%,004 72
(T1/Tp1)/ Ty 91 *,03 1.00 .03  p<.025 2,065,011 .56
(Tg/Tpg) /Tg n.s 1.92 %,01
(Tpg/Tg) /Tg n.s .546%.002
QI/Tg n.s 2.906%,006
QI'/T n.s 2.864%,005
QE/Tg n.s 2.840% 007
QE'/Tg 2.520%,017 .278%,014 p<.05 2,846%,005
RTR /Ty n.s 50.44 *,07
t
80.0 +8 -9.14 +32 <.05 58.6 * .2

i 80.6 £.8  -920 *.33  p<.05 59.0 *.2
T; = 1.151%,006
Tp = 1.171%,006
Tp = 2.322%,011

Q Factors

Fig Ha does not show clear mnima for Ql and CE at T = 1.2

seconds as seen for

random scatter

the scatters occur at T ~1.

of the points.

2 seconds.

The centres of the densest

the quantile category neans because of the

parts of
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The mean value of (E is 2.85 and is constant over the exercises.

The mean QI is 3.2 in exercise 1 falling to 29 in exercise 3.

The mean values of QI' and QE' are 2.8 to 3.0, and do not vary
with exercise rate. The minimum value seen of QL' or QE' from any
breath is 2.4, whereas QI and QE on occasion drop below 2.0. This
suggests that they are flatter than a rectangul ar waveform but

ari ses because of the effect of RTR on Q

The nean values of the Q factors are higher than those in the
guantile mean breaths. This is because the flow nmeasured in an
i ndi vidual breath will contain noise, and consist of small peaks

and troughs overlaying an overall waveform. The Q factor, being

obtained fromthe peak flow, will include the noise value of a

peak and be artificially high for a snooth waveform In the

quantile mean breath, the noise will have been reduced, and the Q

factors are |ower.

RTR
The nean RTR for exercise 1 is 53.6% falling to 50.4%in exercise

3, agreeing closely with the quantile nmean breaths.

Peak Fl ow
The individual Tp plots (Fg 11b) show fits to a straight line
which are not seen in the quantile nmean plots. This is because

Tp1 and Tpg are linited to values less than Ty and Tg. The
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scatter is confined to a triangular section of the graph, which is

seen as a regression by a least squares analysis.

In order to test the hypothesis that Tpy is a constant, the ratio

Ty/Tp1 should be linear with Ty. The linear regression is shown

in Table 2, a confidence of .975 being produced in each exercise.

In order to test the hypothesis that Tpg is a constant proportion

of Tg, the ratios Tg/Tpg and Tpg/Tg should both be constants

i ndependant of Tg. The linear regressions of these are shown in
Table 2. For each exercise, both the regressions yielded non-
significant results, supporting the hypothesis that Tpg is

proportional to Tg.

Tidal Volune and M nute Vol une

The scatter plot of Vri/Tror of exercise 1 is shownin Fig 1lb.
The sane regression straight line is superinposed on the quantile
mean scatter plots of Vp/Tror in Fig 12, together with the ot her

two exerci ses. This shows that the quantile nmean breath vol unes
and the individually analysed breath volunmes match closely. Vg
and Tpor show a simlar close match but are not shown on Fig 12

for clarity.
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Figure 12. Best linear least squares fit from the individually analysed breaths
superimposed on the scatter plot of the percentile category mean
breaths.

CHO CE OF FACTORS TO PICK A MEAN BREATH FOR EACH EXERC SE
The analysis of individual breaths has been shown to be described

by a set of factors which closely match the quantile category nean

breath set of factors, the differences between the tw sets being

expl ai ned.

The values of the factors of a nean breath may be chosen by
selecting the nean values of the factors fromthe anal yses of the
i ndi vi dual breaths, but this does not necessarily inply that the

mean breath contains all these properties. |In fact, the nean
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val ues may not necessarily produce a valid breath. This is
because sone of the factors are nore appropriately described by a
linear regression rather than a sinple nean, see Table 2. The
mean values of the individual factors are summarised in Table 3.
The factors of the 50% ile category nean breaths are also shown in
Table 3. Although the factors have been shown to be simlar, the
nmean val ues of the factors do not conpletely nmatch the factors of

the 50% ile breath. Exam nati on of Table 3 shows that the mnute

volune of the 50% ile category nean breath is lower than the nean
m nute volume, and the tidal volune is also slightly |ower.
However, the quantile category mean volume rises as mnute vol une
falls, therefore there is no quantile nmean which matches both

i ndi vidual nean figures exactly. The best estimates of the nean
breath parameters are given by the 50% ile category nean breath in
all three exercises. In order to reproduce these breaths on a
vari abl e wavef orm breat hing sinul ator, the values of the points
within the category are quoted in Appendix 1, and shown together

with the standard deviations of each point in Figs 6, 7 and 8.

In order to submt a breathing apparatus to a representative
breathing pattern of a nman, several of the quantile category nean
breaths could be used for a short period in turn, rather than a

si ngl e wavef ormused continuously. As a sinple exanple, the
deviation linit breaths, say the 15%le and the 85%Ile, could each

be used for 25% of the tinme, and the 50%le for the renamining 50%




TABLE 3

Mean Factors for Each Exercise

| ndi vi dual breat hs
Exercise V VT T1 Tg Tror  RTR  Tpp TpE Q QU QE'
(Ymn) (litres) (sec) (sec) (sec) (% (sec) (sec)
[ ab. | ab.
1 316 1. 66 1.48 1.70 3.18 53.6 .65 .79 3.20 2.94 2.85 3.01
2 47.8 2.10 1.28 1.37 2.65 51.7 .61 .71 2.98 2.86 2.78 2.85
3 58.8 2.25 1.15 1.17 2.32 50.4 .57 .64 2.91 2.86 2.84 2.85
Best category nean breath (50%ile)
1 31.3 1. 67 1.46 1.75 3.21 54.6 .55 . 745 2.93 2. 66 2. 47 2.70
2 46.8 2.08 1.29 1.37 2.66 51.7 .59 . 66 2.77 2.68 2.57 2.65
3 55.5 2.13 1.11 1.19 2.31 51.7 .58 .57 2.82 2.72 2.52 2.60
Estimated errors in the measurenent of the factors
+1.0 A .05 .05 1 1 .05 .06 .05 05 .05 (05}

TABLE 3 conti nued

Data From Respiratory Anal yser over Approximately the Sane Intervals

Exerci se \ vVt \Y VT exhaled exhaled production of consunption of RQ
1/min litres  1/mn litres Q2 02 a2 02
BTPS BTPS | ab. | ab. (% (€) m/mn STPD m/mn STPD
1 3.3 1.9 29.6 1.71 4,59 15.22 1250 1649 .76
2 55.0 2.56 48.6 2.18 4.9 15.14 2146 2597 .83
3 68. 3 2.73 58.6 2.36 4,92 15. 36 2644 3041 .87

dAST pp QO rewmof Z 2nSS] '} S0M[0A

Sp 1 dsof-THdV
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The respiratory exchange data fromthe respiratory analyser is
also shown in Table 3. The results have been averaged for the
approximate tinme intervals during which the waveforms were

anal ysed, but are not exact because only mnute to mnute
printouts were available. This may account for some of the

di screpancy between the mnute volunes and tidal volunes produced
fromthe Fleisch meters, and those fromthe turbine flowmeter of
the respiratory analyser. 1In addition, errors nay have been
introduced in the correction of tenperatures and pressures to

| aboratory conditions. The assunption that the exhaled air was
nmeasured at BTPS may not be exact even though the exhal ation

Fleisch meter was thernostatically controlled to 37°C

The respiratory analyser conputed the results by accumulating an
integer count of the nunber of breaths detected in a minute, and
conmputing the tidal volumes fromthis integer. S nce a non-

i nteger nunber of breaths occurred in one minute, a certain anmount
of error has been introduced by only examning isolated mnute
periods. The lower breathing frequencies were nore sensitive to
integerising errors, and a slightly high tidal volune result was
probably produced. The effect dimnishes with a |onger

experiment.
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CONCLUSIONS

A nethod to obtain average breathing waveforms has been developed,
i nproving on the previous nethods of analysis. Deviation limt
breaths may be directly selected fromthe distribution of quantile
nmean breaths. Factors describing the waveforms have been

di scussed and new factors QI' and QE' introduced to elimnate RIR
from consideration of an individual phase; typically QI' and QE'
are 26 to 2.7 Tpr and Tpg have been introduced to define the
skewness of the peak of the waveform Tpp iS constant at about
0.6 seconds; Tpg varies, being approximtely 50% of phase I|ength.
The average breaths have the properties shown in Table 3. The
breaths may be progranmmed into a variable waveform breathing

simul ator by constructing snooth waveforns from the points quoted
in Appendix I. These are only the 50%ile breaths, however, and a
nore realistic simulation of a breathing pattern would use a range

of breaths.

The method to obtain the waveform nmay be inproved upon. The
extrapol ation to zero flow from the first point of a breath and

| ast point may be improved by retaining the previous data point,
and subsequent data point, and discarding the fraction below (or
above) zero flow This would inprove the estimate of the length
of the breath. The rejection criteria could be altered to inprove
the quality of the selected breaths by increasing the minimum

volume limt.
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APPENDI X 1
Fl ow dat a points of the 50 percentile category nean breaths in litres/ mnute at

| aboratory conditions at 0.05 second intervals, with the inspiration positive

Exercise 1
18, 35.9, 49.6, 60.4, 70, 76.9, 81.7, 85.6, 836 90.5 91.7, 91.6, 91.4, 91.4,

91.1, 90.4, 89.5 88.1, 86.3, 83.8 80.8 77, 72.4, 66.2, 57.9, 46.8 33.4,
17.6, 1.4, -13, -24.2, -34.5, -42.9, -49.5, -55.9, -61, -65.6, -69.3, -71.9,
-74.2, -75.6, -76.4, -77, -77.1, -76.9, -76.1, -74.8, -74.1, -73, -71.2, -69.4,
-67.3, -65.2, -63.4, -61.4, -58, -54.9, -52.4, -50.1, -46.5, -41.5, -34.4,

-21.4, -2.9

Exerci se 2
22.6, 51.4, 73.5, 90.5, 103.1, 112.2, 119.1, 123.4, 126.4, 128.5, 129.8, 130. 3,

130.2, 129.3, 127.8, 125.5, 122.5, 118.4, 113, 106.1, 96.4, 82.9, 65.6, 45.5
21.7, -3.7, -26.8, -46.9, -63.7, -77.5, -88.3, -97.2, -104.4, -109.8, -114.3,
-117.3, -118.9, -120, -120.3, -119.9, -118.4, -116.5, -114.3, -111.2, -107.8,
-103.7, -99.3, -94.2, -88, -80.7, -69.6, -47.8, -12.6

Exercise 3
24, 62.5, 90.8, 111.8, 127.3, 137.5, 144.6, 149.9, 153.9, 155.8, 156.3, 156.3,

155.2, 151.8, 146.6, 139.9, 130.5, 117.5, 99.8, 78, 52.6, 21, -11, -39.3, -
63.4, -83.1, -98.7, -110.8, -120.5, -127.9, -133, -136.2, -138.2, -139.5, -
-139.4, -139, -137.5, -134.6, -131.5, -128.4, -124.4, -119.2, -112.2, -99.5, -

70.3, -23.7
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