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\\ ABSTRACT \\ -
/ 4 . r
ON THE DEVELOPMENT OF NUMERICAL ALGORITHMS

FOR THE CLINICAL ANALYSIS OF THE
SINGLE BREATH NITROGEN WASHOUT CURVE

’Kevin 0'Mara

~ This thesis describes the development éf a special purpose
compyter-aided medical diagnostic system which uses nuperical methods
to tackle a clinically. important pattern recognition problem.

My thesis describes a discrete non-l1inear least squares
algorithm suitable for the Automated analysis of the sinéle breath
nitrogen washout test. This quick, sensitive, non-invasive test of
lung function assesses small afrway patEOIOgy and may be of use in the
diagnosis and management of early obstructive lung disease.

The first two chapters of}this thesis present various aspects
and models of pulmonary mechanfcs and airway structure that are
belfeved to underly the significance of this test.

A major diffiCuity in the manual application of the single breath
washout tests to the clinical evaluation of lung function is that visual
examination is a very subjective méthod for determining the onset of

airway closure. More reliable techniques involving the mathematical

analysis of these curves are essential for the quantitative evaluation
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of closing volume curves in the study of small airway function.

This thesis presen}s numerical methods for the G(screte 1inear,
"’discrete non-iinear‘and continuous linear analysis of these ;urves.
Details of the implementation of the mostvsophisticated of thesg.'
algorithms are presentedi 'Preliminary results of work are described
albng with a discussion of thé clinical applicability and comparative

- value of this algorithm.
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/ . , PREFACE

.Computer-nded medical diagnosis using the tecﬁr‘\iques of patteu;n

‘ recognition and numerical methods in conjunction with graph and game

theory is rapidly chan%ng the scope and quality of modern medi(cilne .

These changes are also infl uenc»ing our view of computer science as 1t

progressively integrates with the mainstream of scientific endeav?:ur.
This thesis describes the develepment of'a sp’ecié'l purpose computer-
aided medn-:ai didgnostic system which uses numercal me@h&ds to tackle a
\

clinically important pattern recognition problem.

I have attempted to describe this prablem, its relevance, and a.

"~ possible solution, in a way‘tﬁat will be ugdecstandable to a sclentist

whether he or";she be a medical or computer expert. As such, I have
used’!;lnathemati'cs and graphics as an adjunct to the text. "
Considering the scope of this undertaking I have used the '
bib]iograpl'_xy to ;;oint to review articles and texts in s‘peciaHz;ed areas.
This ihesis does not offer a cqmprehensive overview of either the
subject ’matte{r or Fhe literature. The area is simply too wide. In
fact, for each reference ]1sted in the bin'ography there are two
others that I have dele}teﬁ .

|

Simitarly, this thesis is an inappropriate plaée.to present the

) .detqiled results of an eﬁ:iﬂemiologicai study of the algorithm's clinical’

‘ _performance: Nence the technical details of the algorithm's design

4

(90 ] and modiﬁca'.?on (126] are published separately from the results - .

of a clinical trial \[127].

i
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1.1 Upper Case Roman Script Symbols

f

Sﬂbcﬂ - Meaning

|

E Pulmonary Elagticity

R Pulmonary Resistance

1 ' Pulmonary Inertance

o C Pulmonary Compliance.

- o
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i
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Function of: Equation
- N j:1
V,VW,t 2.7
VLV Wt 2.8
' .v.!t . 2-5
VWLt VE
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1.2 Upper Case Roman Symbols
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»  Parameter

\
Integral

Aerodynamf c Resistancé
Linear Continum““
VoTume o mred Nitrogeh

Fiducial Number of Points

Sum

Total Number of Discrete Points
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Sum of Squares a ‘(
Blood Flow or Perfusion

Sum -

Sequence. ’ o

Sum of Squares p S

Sum > v

Flow

Acceleration:

0 - -

A

Function of Given in

. Equation.
| A(b) - “6‘
< u(b) P 4.'11
EN .3
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O D Y -
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Parameter ,

1
i L 4
Work b
Rate of Work
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Iy
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Given in
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1.3 Independent L?wer Case Roman Symbols

Symbol

(2}

J
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t

u
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-]
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See Operators )
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,Time ' '

See Lower Ease Pointers

See Lower Case Pointers

See Symbols Modified by éubscripts
See Symbols Hodified by Subscripts
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#

v(b)

]
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33

4.18
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2.7

2.8
2.5 /
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1.4 Lower Case Roman Symbols Modified by Subscripts

Symbols

-9

N
\

Meaning
Regional Airflow

({(ylf'l ow

Lhng Yolume Read

Regional B

Nitrogen Concentration Reading
Airway‘Length‘

Airway Length
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2.0 Greek‘gymbo1s

Symbol

e

- e e >
— L4

First Found in

Frequency of breathing ”
Density

Viscosity

Complement of Q

Angle betygen o and g

Angular frequency

Integrgl

3

Sum or Integral ’ 14
Sum or Integral . E
Nitrogen concentratioﬁ ‘ £
Lung volume ]
Non-linear discrete model K.N-K,a,8,n,E,X,Y
parameter
Continuous quel parameter ‘ n,g,¢],¢2
Continuous model parameter 3
Continuous m;Zel parameter £
Womersley parameter | , d,w,p,X

~ Slope of Phase III ‘ {n,g) °
Slope of Phase IV (n,E)

Coefficient of laminar flow in
Rohrer's model

1

\ Coefficient of turbulent flow in

Ro s sodel
-

Equation
2.20

2.13
'2_.13

5.5

5.5

2.13

4.15
3.17,4.04
3.16,4.13
3.18

3.20

3.19

a0
e,
412

2.13

3.8

3.9
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Meaning
Time lag term

Coefficient of flow
Second order Coefficient of flow

Coefficient of flow-volume -~
interaction

Coefficient of volume

Second order coefficient of volume
Coefficient of ;OIume-flo; .
interaction

Coeffict;nt of inertia

Equilibrium pressure point

~

Function of

First Found in

Eouation‘

2.6
2.2
2.2
2.2

2.4
2.4

[

2.4

2.5
2.6 \
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Meaning Equation H
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Boundary,pbin@s on the SBN, curve : 5.1
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'4.0 Upper Case Roman Subscripts Used to Modify Parameters

&

Subscripts

Meaning

Alveolar
Deadspace
Expiratory

Inspiratory

Lung

Parameter
P,V,F

.
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VG FMY
P

&

AP
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Lower Roman Case Subscripts’

Symbol Meaning Equation
#yguth ) 2.0
Elastjcity 2.0
Esophageal 2.6
Pleyral 2.0
Resistdnce ’ 2.0
Ineffia 2.0
-jth region
Initial

o

Sec&hd Order Roman Subscripts

Subscript _Used to Modify Subscript

A’£
D

o N

[N

N
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4.3 Lower Case Roman Pointers

Pointers Meaning - Parameter

u Start of sequence ' S

v Sequence pointer u <v < w

Sequenée pointer 1st position

Sequence pointer 2nd position
End of sequence

value of*#resent fteratiof .
Value of prevtOUs 1tera£ioﬁ
vatue of next‘}teration

Value of persent iteration

Value of previous iteration

| Value of next iteration

@
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5.0 Pulmonary Abbreviations ' . -

“

Lung Volumes and Capacities (See Figure 1.0 on ﬁage'io J)'

Abbreyiation - " Meanin el
=== neaning ( L ol
RV ‘ Residual volume ‘
4 B ‘
TLC Total lung capacity ~
cv Closing volume )
I . ‘
cc Closing capacity. .o ‘
Ve Vital capacity ’
ve, Inspired vital cap&city- ' : |
b4 ' ' ~
VG Expired vital capacity ' \
FRC Functional Res{idual\ capacity ;
. L ]
FvC Forced vital capacity ‘
" !
Gases .é
02 Oxygen
) N, Nitrogen ‘ IR
€0, - Carbon Dioxide ' _ . 1
General Terms . .
BTPS . . Correction factor to account for » )
body temperature and atmospheric : ]
o . pressure effects on pulmqnary T‘ :
parameters .
-« B . a »
' SBN, Single breath nitrogen washout \
. procedure ]
NHLI United States of America National
: 7 MHeart and Lung Institute
<
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7.0 Program Acronyms. S .
Algorithms . ) ‘ y_s_e_‘
Al Main non-linear least squares algorithm
A2 Data selection algorithm .
A3 Algorithm for the computation of ]ung\,vol umes
X A4 Anatomical dead space a1gor1thm'
AN A5‘ Flow rate monitor algorithm |
A ) ‘Qua}{ty control a]gorit,hm ”
A Segmentation algorithm
_ Res tfg' ints -
‘ ORI - Arithmetic restraints on division by zero
. R2 Convergence restraint on Epsilon 2
R - Achmeﬂq restraint on the recursive algorithm
. R4 Slow convergence restraint on solution
RS . Restraint on data selection procedure )
, RE - Restraint on the minimum significant size of -~
& the data file
/ | ._._.______‘
’ ‘ Constraints ‘ / \
. Cc2 The slopes of Phase III and Phase 1V are equal :
; iq The slope of Phase III > fine slope of Phase. IQ
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General Terms

/

T Abbreviation
~ COPD
' .~ phase 1
phase 11
phase III .

pﬁase v’

. e e—

“%

Meaning - 8

Chronic obstructive pulmanary
disease

Anatomical dead space gas -
Mixed alveolar and dead space gas
Alveolar gas plateau

Rég;onaﬂ y sequestered alveolar ga§
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" 6.0 Operators ,
P . \\ .
$ymbol Operation Operand v %
Permutation s
~
[ 1] Concentration €0,.N,,0, '
. - 1 Absolute value VC, . VC P,V
) Difference P,V
) T sumidf squares f
& ,_,.31;- . e L/ . ..
f Futetfon < .,
dx * First derivative of x A V,t
,
ax Partial derivative of x - T,d,Bn,Ev,t
X . First derivative of x LA
: Y 1) ) \
, . X Second derivative of x .
B X Predicted value of x H,T,l;lz : g
x" nth power of x ' ) n=1,2...6 &
X Mean value of x ° Cody, . ‘
. lx Evaluated between x and y - VEN
y . : 2. -
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}
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miliiliter
second

millisecond

micrometer -
)

-~

%

Parameters _ Use

Epsilon 1 Significance threshold for ;:; 0
Epsilon 2 Minimum 1mprovemept‘thre§hold
ITMAX Maximum number of iterations

INUM Minimbm number of data points
Behavior ‘ Meaning

LIFO . | _ Stack Tike: Last-in-first-out
FIFG Queue Tike: First-fn-first-out
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CHAPTER ONE -
> INTRODUCTION

The human cardio-pulmonary circuit is a complex, hierarchical
and highly interactive system, It has evolved to successfully effect
gas exchange for cellular metabolism fn a terrestrial environment.
As such, it would naively appear that the only germain and meaningful
tests of cardio-pulmonary performance are measurements of arterial
gas tensions. I:n the ultimate sense this view is correct. Con-
sequently, arterial b1oﬁ-gas measurem;e ts have become a very common
and useful aid in the diag;\osuc assessint and management of cardfo-
pulmonary status within critical care units f43 5,111,163]. Computer
aided systems have been developed to facilitate the cHnica/T inter-
pretation 124,163,155, technical analysis [58,78,35] and measurement
[ 4,35] of blood gas tensions and hydrogen-fon balance. While
arterial blood gas measurements can pro1v1de essential information
on the viability of an individual, they are relatively insénsitive
to anything less than \}ery severe cardio-pulmonary abnormalities
[5.143. . IR |

The phystological reserves and compensatory mechanisms of N
the cardio-pulmonar& sys'tem are efficient enough (to maintain 1ts '
perfusion and gas exchanging abilities ev.én in cases where the
organ system is severely compromised 'by dfs:ease 003,5,21]. In fact,
there is no known single parameter that can measure or reflect all

§
R

1

aspects of respﬁ-ation [103]. For this reason, a multiplicity o
A .
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X
tests have been used to assess pulmonary and cardio-pulmonary
function. Each of these tests has its own unique advantages and
disadvantages. Tﬁesé tests have sought to evaluate the precise
aspects of pulmonary mechanics that determine lung pressures [70,53,12],
volumes [161,86), flow rates [166,19,86], and gas diffusion capacities [88,
133,136,131] on the entire, intact human lung. Such iq_ﬂv_q tests
are often used to infer the structural or morphological abnormalities
bel feved to under'ly the observed physiological data [27,103 17, 96, 145 134].
¥ Thus, in order to achieve a compre‘hensive overview of cardio-
' /pu\ngnary function, it i< necessary to perform a battery of tests
. on an individual[121]. Clinical expertise has made it possible to
interpret patterns of abnormalities in the results of these diagnostic
procedures even when the integrity of the system's gas exchanging
abilities has not been compromised [121,97,116135120]. Consequently, !
multifactoral pattern analysis is often used in preference to a
more specific or -technicallyhprecise diagnostic measurement [123. -
Some. computer aided diagnostic systems have been developed to exploif |
the multifactoral analysis [4‘4,14ﬂ and ass:.;fsment [3,66}1'00] of 'pu]monary
function. Statistical [100,156] and s_yn.tactic [123,‘] 52,1503 aJgorithms have
been developed for Fhié type of diagnosis [155156 and prognostic
assessment [125479_1 o{‘the pu1m;_mary patient. ‘ '
gThe diagnostic success of such multifactoral pattern analysis ) —r
can be attribufed to the fact that diseaée processes often involve
. . . \
o ° Q N
. L e o )

ot
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the lung tissue, or parenchyma, and airways nonhomogenedusiy. ‘From

a2 nonhomogeneous assault on this system, often only a fuzzy pattern
emerges from the Tumped, or global, measurement of the many parameters
of pulmonary mechanics. The more nearly hc;mogeneous the lungs are,
the more precise are the facile interpretations of such g1oba1. ‘
measurements. Thus, for the anajysis of the normal human lung, the
approach is simplified s‘ip‘E?z thé tests Lc)!an be more realistically
thought of as dealing with a @?ex but homogeneous structure. In

the normal individual, the lung parenchyma and airways may be spcces;—

. fully analysed [88,19,96,12]and modeled [71,69,20,89,166] in terms of gas

» ¢

.flow as the cor{sequence of s™igle driving pres(sure. In such

models,the various Tung volumes and capacities of the system' are
tr:'eated as indices of its overall geonietry. Such a Tumped circuit
ghal ysis based on a single degree wpf ﬂ;eedom is a gross oversimpli-
ficatiop for a system as complex as the human Tung. Paradoxfically,
however, the very complexity of this system contributes to the
validity of such a gross analysis. Thus, for example, in spite
of large differences in path lengths and bifurcations in the b;ronchial
tree of the normal ahuman Tung, tf(\(e alveolf have beer observed [13d
to empty and fill 4n synchrony thro'ughout the lung. Thus, Tumped
circuit analysis has provided the clin%cian and biophysiéist both
practical and basic information.

Irregardless of thgir specific characteristics, almost 'a1'l tests

of pulmonary mechanics are interpreted in. terms of current paradigms.
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of lung mechanics. The 11m1tatfon,su'and hypotheses underlyihg these

nodels are discussed in the first section of chapter two. The

- Tatter half of chapter two contains a brief, essential, overview of

)

the form and function of the human bronchial tree.

The techniques that are currently in use in a 1umpedcc1rcu1t
analysis of pulmonary mechanics can be divided into invasive and
non-invasive measurements. Today, the medical and research community
try to use invasive techniques sparingly and only when the information
they pfovide 1s ipportant and unobtainable‘by safér means,

Pulmonary function tests mayﬂ be subsequently shbdividgd 1ntoL
those that employ submaximal or maximal respiratory effort on the
part of the subject. The latter were %gmng the first ;rveasurements to
be developed for the purpose of studying ]ung function in health
and disease [§08,103,5. While such maximalu efforts ma_y“ be easily
mon i tored 'by' relatively simple equipment, they on;y indirectly assess
the state of patency/ or caliber, of the airways §3,103]. These
tests are ;1 S0 he;v ly dependent on patient co-operation and the lung
volume at which they are taken. '

On the other hand, some submax¥mal techniques such as dynamic
compl fance [162,77] and resistance'ﬁeasurements [9.112] can be
recorded during spontaneous tidgl breathing and provide a direct
assessment of the impedance to ventﬂatior; 03, 168]. However, many
of these submaximal ‘effort “techniqt;es require expensive, sophi_stNicated
equipnient as well as a fair degree of time and effort to perform.
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Some of these techniques are be]ieved to preferentiaﬂy assess
small airway function [68,95, 94\81] The s1gnif1cancg of such tests is
that they appear on the grounds of morphological and plxysiolog&cal
evidence [27,13410] to be'\he first sites of the pathology associated

with early obstructive lung diseqse As a result of the rapidly

;
increasing incidence of both chronic obstructive lung disease and
pulmonary carcinoma, a significant degree of éttentifm has been
devgted to the development of quick' non-invasive tests capable of
determining the onset of earlyu obst;*uctive ]ung é‘lisease.’h Such
a test should be suitable for the mass screening of the population at
risk16,62,28,84,821 The single breath nitrogen washout test has been
proposed as an efficient and reliable [38,37] measure for this
task. The second ‘s,ection of chapter three references a synopsis [ 6 ]
of the various epidemiological'and morphological considerations
1nvolved71n the asvsesisment of the specificity, sensitivity, accept-
ability, precision and validity of this test. ]

The single breath gas washout curve Wirst described by
Fowler [49] a:i/has classically been used to estimate various
aspects" of gas distribution in the human lung.

L

In 1967 Dollfuss, Milic-Emili and Bates [367] described a

{
modification of this manoeuvre using 133)(9 as a tracer gas. They

were the fir\st to realize that this‘tgst could potenj;ia]lytbe used
t’o determine the lung volume in gravi;atic?ﬁally dependent airways
at the onset of their closure. kThis volume is referr_edx to as the
) \
)



6.\

. lung's closing volume. Since then other gases such as hetium,

argon, and nitrogen have been psed in extensive studies of single
breath washout curves [16], their reproducibility [7 ,99], and their
diagnostic uses [16,138 in health and disease. The physiological
basis of this test and its interpretation will be discussed in the
first section of chapter three .

The closing volume determinat'ion is of ciin.'ical interest in
that it is an easily performed, non-invasive measurement related
to small airway _functfon’. As such it has been ‘proposed as a s{@e
but sensitive test fcr the detection and assessment of early ‘
obstructive lung disease [102,95]. )

While this test has been Shown to be weﬂ suited for'use in
a respiratory~disease screening program, the prognostic impHcations‘\
of an abnormal closing volume tracing are .not yet known [14748,134].
In fact, while the c1osing volume test parameters may be considerably
more sensitive th%n any other single test of small airway functfon,
it remains to be shown that individuals with abnormally large closing
volumes will e\;entually manifest 1rreverstb1e atrway obstruction
E16.102. s \ \
, . A major difficulty in ,the u's°e of the single breath gas washout
test in the clinical evaluation of lung function is that the visual
examination required is an extremely subjective method for d‘eter-mining

the onset -6F airway closure [99,97]. More reliable techniques

involving the mathematical analysis of #hese curves are essentjal

a
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. for the quantitative evaluation of closing volumes in the study of

small airway'function [39].

( It seemed appropr—iate therefore to develop a numerical technique
for the analysis of the single breath gas washout curve based on

an exact theoretical formulation of this problem. Four other

groups of researchers have developed numerical techniques{for the
ana?his of the single breath nitrogen washout curve, SBN2 .

Two of these groups [}53,61] have deve]bped computer programf for
estima:i:ing' the sTope" of the alveolar plateau, or phase III component,
of this curve.

Both of thes\ programs made use of the method of least- -squares
to evaluate the. best numericaj fit of a straight Tine to a portion
of th&ashout curve that they considered characteristic of the alveolar
plateau. Thése programs tWen located the onset of the subsequent
portion, or phase IV, of the curve in accordance with the literal §
de‘finiti‘on of clgsing volume as "the last point of departure of |
the expired nitrogen concentration curve from a*strjaight l1ine fitted
to the latter part of phase I [ISTJ'.' \ ‘

The, two other groups [34,33] have 1mp1emented computer programs
that calculated the/onset of closing volume as the pqint of inter-
section of the two straight lines independently fitted to the phase.

III and IV segments of the tracing. These programs calculated

CV in accordance with the methodobogy proposed by Hamosh and 1.’ave1ra
da Silva [B4] rather than rfollovdng that outlined in the standard1zed
_/guideline [5T;.
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While these groups -of re\searchers reported similarly encouraging
results on éeneraﬂy rel iable computer gograms with good clinical
applicability, they aliso noted the need for an improvement of their
techniques [153,61]. Cramer and Miller [33], in their work on per'haps
the most sophistigated a]gor1tl;m to"&‘ate: have ackrowledged the need

for further theoretical work on the problem of pinpointing the

beginning of closing, volume, :

L 2

Chapter Two of tﬁis thesis gives a brief overview of the lung's

structure and discusses varfous models that have been used to describe

its form and function.’ B

Chapter Threer addresses some specific problems of gas distri-
butfon within this structure and describes the theoretical developemnt
of a numerical method for the analysis of the single breath washout
curve. This method, whicha has been accepted for publication 127],
involves the discr\te simul ;aneous non-linear least-squares estimation
of the slopes oz the phase III and phase IV components of-the curve,

A copy of an earlier paper [90] involving the discrete 1inear
aﬁalysis of this data may.be fo‘und. in Appendix 1 of this thesis,

while a continuous linear analysis of this curve is presented in
Chapter Four®

~/

Chapter Five describes the implementation of the most sophisti-

cated of these algorithms: the discrete non-1inear analysis.

Chapter Six presents a preliminary study of the results ob{ained

+ by this algorithm. These results were obtained on test cases [146] which

were provided by Dr. Margret Becklake of McGill University's Epidemiology

Department. . '

¢
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Chapter Seven presents a discussion of the protocols proposed A
i for the analysis of the single breath nitrogen washout curve in light
§ ) ~
;, of our results. Appendix 2 of this thesis contains a ‘copy of the
H ' L
' . protocol proposed by the American National Heart and Lung Institute
' for the measurement and analysis of this test.
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Figure 1.0. The vplumes and capacities of the lung can be'apgrecfated

from a study of the diagram. There are four volumes: (1) the
tidal volume (Tv), which is the amount of gas moving in and out
of the Tung with each respiratory cycle; (
(RV), which -is the amount remaining in the lung after a maximal
expiration and is the only lung volume that cannot be measured
directly by spirometry; (3) the inspiratory reserve volume (IRY),
the additional gas that can be inspired from the end of a .quiet
fAspiration; and (4) the expiratory reserve volume (ERV), the
~'additional amount of gag that can be expired from the resting or
end-expiratory level,
There are also foup/capacities, each of which contains two
or more volumes: (a) fotal lung capacity (TLC), which is the gas
contained in the lung at the end of a maximal inspiration; (b?
vital capacity (VC), which fs the amount that can be expired after
a maximal inspiration; (c) inspiratory capacity (IC), which {s
the amount of gas that can be inspired from the end of a quiet
expiration; and (d) functional residual capacity (FRC), which is
the volume of gas remaining in the lungs at the end of a quiet
expiration. From_ [50]. N

=y

)

) the residual volume _.
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The first section of this chapter'prpvides an overview of

-

R

,resbiratory mechanics and the models that have been used to amalysis

P and. predict the macro-behaviour of this system.

L

L eSO 0

/
~ The second section of this thesis presents a short synopsis '
of the structure and function of the lung's bronchial tree,
\
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An eaighteenth century physiologist, the Rev. Stephen Hates,

appears [}58 to’have been the first scientist to attempt to
quantitatively correlate function and structure in the-lung.
Sinc\e then a great many scientists have contributed to_our' knowledge
of the inter-relation between the lung's morphology jand it's
physiology [71,5].Today most tests of pulmonary medhanics may be

easily interpreted in terms of .the basic paﬁadig‘fn,.o Tung mechanics )

phgposed by Mead [10€ in 1961.
'Y
& This paradigm involves the use of yan equation of motion to

L]

describe the manner in which Vtranspulml){?ry pressure develops

sufficient force to overcome the elastic, frictional and inertial -

‘ properties of the lung. Each of’ these three properties may be

considered fjggl in terms of the pressure, or force per unit area,

needed to overcome them. The applied pressures considered in this

g
model are equal to the pressure differences obseryed agross the s
anatomical structures of the lung. o ; '

The total trans-pulmonary pressure of the lung, P, may be
considered to be partitioned into its elastic, frictional and inertial - ;
components by segmenting the total pressure differences across the
lung, PL into the component terms in Mead's paradign [67]. Thus,

’
as 1s shown infigure 2.1, P  may be segmented into:

o

-
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* mentatioh [ 1,166,80] has shown that whije equation 2.1 provides

4
L4 ’ r“
. PL = Pao - Ppl
= (P -Pa  *+(Py - Pl * Py (2.0).
*Pres *Par * Pi. - . -~
where : o ..
"Ps s the pressure at the mouth,
v ®
Py 1s the alveolar® pressure, \ -
%%
. Pp] is the pleural pressure and
Pres is th‘pressure required to ovércome.
< . frictional resistance, Pel is the
¢ : pressure required to overtome elasticity \\\,//
v
) ,aqd'Pi is the pressure required to over-
t
come the inertial elements of the lung.
'Pel 1s'proportiona1'to Tung volume, V(t), at
’ -y * . n
/'\\ v

timey,t, while P, 15 proportional to fts
~ velocity, W(t) and Py 1s proportioqal to
2] Cits acceleration, V(t). *
Rohrer first de;cribed the Pres in terms of the expression:
L Pres =< W)+ (WD) ’ (2.1)
The term Ky V(t) accounts for the resistance to laminar flow to the
lung's aifrways, while the term'Kz(V(t)z) acéounts for the effects
pf non-uniform, turbulent flow in the conducting airw;ys. é&peri—
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Figure 2.1. Schematic Diagram of the Pressure Differences Across the Lung.
See Text for details.
N [
Pressures pertinent-tc analysis of respiratory function.
Pressures which are measured relative to an arbitrary reference,
usually atmospheric pressure. . 1
The thoracic cavdty is divided by the medfastinum into 2
major chambers which contain the right and left lungs. The right
Tung has 3 lobes (upper, middle and lower) separated into a
total of 10 segments, and {s supplied with air via‘3 lobar
bronchi which branch to form 10 segmental bronchi. The left
lung 1s divided into 2 Tobes (upper and lower) comprising 9
‘ \ segments. After [ 67].
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reasonably good fit of the dynamic pressure-flow curve, P-V, the
coefficient x]in equation 2.1 1is inversely proportional to lung

volume [16€], while Ko appea}s’to be independent of variation in lung

volume. Rohrer's interpretation of Ky and né is most 1ikely wrong [80 ].

' Considering: Kk = (@ - a; V(t)) equation 2.1 may be expanded
t? give: ‘ - \

-}
i

res = (o + agV(£)V(8) + ap(¥(8)?)

n

ay 9(t) + ap(V(1)%) + og(¥(t) V(1)) (2.2)

~

where a, has been found to range [112166 in value from 0.15 to 0.38
and.og is a small 'negative number [104.

o]

The elastic properties of the lung have historically been
. RN
considered in term of either dynamic or static pressure-volume, P-V,

plots. . The dynamic analysis of elastig:}y of the lung describes the
instantaneous pressure-&b]ume ?elationshfF\enéountered~through

the entire ;;nge of flow ve}ocities which existsdhring gréathing.
The static P-V curve is obtained by measu}ing the pressure-volume
relationship u;der cogditions of zero flow and zero frequency.

Under conditions of low fiow over relat{vely sma11g}ung\vo}umes.
resemb]ing those of tidal breathing, the dynamjc P-V curve
approaches that obtained for.the static case. Figure 2.2 describes
the details of this procedure. Thus, while Pet has been considered
to be a simple function of V(t) [10d] .. . | ‘

Pep = CV(t) ~ where  C = AV/AP . o (2.3)

r
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Figure 2.2. Analysjis of Dynamic v-p Loops of the Lung.

A, these oscilloscopic tracings were made by simultaneously
recording tidal volume from a. spirometer on the vertical axis
and transpulmonary pressure (Pao-Pes) on the horizontal axis
at three breathing rates: (a) very slow breathing, about 3
breaths per minute, (b) moderately rapid breathing, about 40
breaths per minute, (c) near maximal breathing rate. In (a) .
the flow resistive pressure is negligible.

" B, A line joining the two points at which V=0 gjveg the v
dynamic elastic v-p curve of the lung. Pst (1t) is due to the
elastic lung retractive force while Pres is due mainly to gas
flow resistive and partly to tissue resistive forces. From [67 ].

“« s .
. -




e

ST T Vs TV ARt 0 Sy L

it 1s in fact a function of both v(t) and v (t) in that E::E in fact
a function of V(t) and V(t).

Thus, while the static compliance curve shown in
figure 2.3 has been successfully used for diagnostic purposes [5,
67], 1t provides only a first-hand approximation of Per- A more
refined approximation may Jgﬂ;rovided by equation 2.4, which contains
a quadratic term in V(t) and an 1nteract10n term (V(t)V(t))

Pa1 = oy + agV(t) + agV(t))V(t)

el
= qaV(t) + ag(V(1)?) +aglUt)V(t)) (2.4)

'where oy may be thained from the static P-V curve.

ana11y, we sha}1 briefly consider the pressure requiﬁga to
overcome the inertial elements of the lung. Experimentally, once
zero flow conditions have been met in the determination of quasj-
static compliance, E'l, Tung volumes tend to creep for some time {n
the same direction as the immediately preceding dynamic volume
change'[7o]. Sacgap phepemensn could be simply accounted for by the
inclusion of a term describing P; as a function V(t)

Py = oy V(t) | S (2.5)
where oy would be small and neggtive, A related effect, .involving
trans-pulmonary pressure changes with time,once zero conditions
{i.e., zero volume change) are met, has been referred to as 'stress

adaptation’ [70]." This effect has been coined 'stress relaxation'

when it diminishes trans-pulmonary pressure and 'stress recovery'

4
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STATIC compLiance = X . 2389 . 0200 wersem

Figure 2.3a.” The static compliance, expressed as liters per centimeter
of water, is the ratio of volume change, shown-on the ordinate,
to pressure change, shown ‘on the abscissa. The heavy 1ine marks
the normal range of tidal volume during a quiet inspiration,
where the relationship between volume and pressure change {s
approximately linear. This is the value commonly used to
describe the elastic properties of the lung. Note, however,
that even in the normal subject, the relationship changes over
the inspiratory range and that there is a difference between
the inspiratory and deflation curves. From [ 5 ].
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Figure 2.3b,/ Static deflation pressure-volume curves in emphysema,
; ‘ ' asthmg”during bronchospasm, normal subjects, rheumatic valve

disease. The curve for {nterstitial pulmonary fibrosis was
obtained furing inflation. From [-5].
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when it increases trans-pulmonary pressure. Stress adaptatidn.
usually occurs as a pressure change opposite to that immediately
preceding it and is in accordance with a model of pulmonary
mechanics which contains an acc;leration term with negative weight
[70]. Tﬂﬁs the model of pulmonary mechanics described here [89] |
may be written as: , |
Pes (£-T) = 6 V(t) + ay(¥(1)2) + ay(V(£)¥(1))

+agV(t) + agV(2)?) + ag(V(t)V(1))

” .
+ a7V(t) + og - ' (2.6)

where T is é bias term'that has been incorporated into the model

to account for the fact that the eosophggeal pressure, Pés’ measure-
ments used to approximate plgura1 pressure in this model are not
in phase with the lung volume and flow measurements made at the
mouth. & 8»15 a constant tha; has been added to the equation 2.6 to
account for the,equilibrium pressure point about which the system

oscillates. ,

The coefficients a,, a, and a, are used to quantify the system's

response to airflow while the coefficients Ops Og and as.portray the
system's response to lqu volume. The term involving 0oy in equation
2.6 accounts for the effects of inertia , I, on trans-pulmonary
pressure. In this model both elasticity, E, and resistance R, are
functions of lung volume and flow:

E = f(V(t),¥(t)) a (2.7)

L
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R = F,(V(£),V(t)) K (2.8)

while T remains a simple function of acgeleration

I =f(V(t)).

Hence, Mead's equation: _
P(t) = E V(t) + RV(t) + 1 V(t) (2.9)e
which may be rewritten in terms of equation 2.7 and 2.8 as: '

P(t) = [£;(¥(£),¥(£))IV(t) + [F,(v(t),V(£))TV(t)

+ V(L) . (2.10)
/’Tﬁhgt equation 2.10 is really a simple expansfon of that proposed
Y:y Mead [10§: -
The states of a’simple voluwe-elastic system can be
represepted b{ a surface in the three dimensional space V-V-P. ,%\-
Fry and Hyat; [63] were the first to introduce the use of such a
diagramsshown in figure 2.4,to describe the states of the
respiratory.system. They fBund that, this system's cyclical.
behaviour approximates a surface in V-V-P space. There also
appears to be [80] special surface characteristics invth{s space , '
for 1ns§frat;ry and expiratory phasés of breathing. These.findings

fmply that the respiratory system normally behaves in a manner

AN ‘
adequately described by equation 2.10. This 1s a remarkable finding

in 1ight of the constraints imposed on the system by mechanical
properties of the lungs and chest cage as well as those imposed by

<
the varfous regulatory systems that control respiration.

-
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The Dydamic Pressure-Volume-Flow Relationship.

If flow, considered as a function of intrapleural pressure
and lung volume, is plotted on one of three perpendicular axes,
a surface is obtained which describes the flow characteristics
of a lugp Shown here are the data from a normal lung. Expiration
is limifed by airway collapse as indicated by the fact that
the surface dips back down toward the PV plane for large
positive pleural pressures. The intersection of the surface with
the PV plane is the static PV curve of the lung, and the inter-

section with the VV plane is the passjve expiration curve.
After.[53 ] . .
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Other works [133 have applied’ the basfc principles of fluid
.Tg;hanics to the analysis of airflow in the lung. Detailed tﬂgony
\'\—of os¢illatory airflow in a long straight tube of diameter, d,
and length, £, shows that the resistance term, R, and the
inertance, 1, of equation 2.10 may be given by [133:
R =16%2 H(T) .

mt - .an
1=16 X£ G(T) ¢ .
\ e ‘ 202 %

where T is the Hbtﬁersley parameter given as:% , .
T = ldgoR , . 4 ‘

sz : | 2.13

and X is the substance's viscosity T

p is the substance's density

w is the angular frequency of oscillation

where both H and G are. functions of T. These functions may, in
turn, be approximated as [33:

G(T) ‘;‘ TZ X \ 20]‘
MEH(T) ¥ 8 | - 2.15
. *~
T>6|H(T) ¥ T -

A detailed and realistic analysis of airfiow through the
bifurcating structure of the human bronchial tree is very difficult.
As we shall see in section 2.2 the architecture of the lung's

.
conductiAg airways is both elegant aid complex,

1
~ e o '
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We know that since the sixteenth century,western physicians
such as Vesalfus [60] have been intrigued by the investigation of
pulmonary anatomy. The quantitative anatomical studies of such
early scientists as DaVinci appear to be the first to point to
) the/ role of environmental agents, such as dust, in pulmonary -
disease [144. ” '
It was not until the pioneering work of Weibel and Gomez
. D 58159157 that the statistical and sampling techniques essential
to quantitative morphology were refined to the point where it was
possible to provide accurate and reliable data on the structure of
S the static human bronchial tree.
The airways of this tree form a system of branching tubes
wt;ose diameters and lengths decrease from the trachea to its .

periphery in a strictly systematic way [141,166]. This tree provides -

a sophisticated mechanism for ventilating the 60-80 meter? surface -

~ e

: area of the lung. This extensive area {s achieved by partitioning
‘&"&; the lung's total volume into over 300 million yolumetric units,
or alveoli. Thes.e alveoli are approximately spherical, 200 um 1nl
diameter and octagonally arranged in a helical manner [167] shown
'1n Figure 2.5, /
| The terminal branches of the bron;:hial tree are provided .

with alveolj. Each alveolus receives a supply of air; while

each alveolar wall is perfused by a supply of blood [ 21]. These




Slice of inflated Tung cut about 300 u thick. Note interlocking coils

of lacy pattern occupying almost all the area (volume). (Original
magnification x20).

Diagram and microradiograph of a smalT.section of a respiratory unit
to show how the alveoli are arranged in spiral tiers around a central
heligal framework. (Original magnification x300).

T

-

Figure 2.5. The Form of the Alveolar Macro-Structure. From [167].
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Figure 2.6. Left Bronchial Tree (Frontal Projection).
. ' bronchogram of a 39-year-old woman. From [50 1.
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" The volumerqf thisﬁtack corresponds to the anator;ﬂca], dead space

A

A
alvepli aloiig with the pulmonary capillary networks contained

iy their walls compri;e the parencyhyma, or respiratory zone of

the Yung, The ihterme¢1ate 0 ansition zone of the lung
contains. airways so closely’a:;zziqsfd with alveoli that A
theywcannot be easily separated forq{them. Tﬁé‘airways more
distal to the'traqsition zone of the lung are collectively
referred to as the conducting zone of the lung. The airways in
the lung's conZucting Zone are’not in direct contact with the
pulmonary capil%hries an& are thus not aq_jgg sites in the
actual process of gas exchange: &

During brea;ﬁing. airftrow in the mammalian lung is 1nter-‘

mittant and reciprocating. As such, the last pofti&h”of‘each

- \1{
breath that is shunted into and out of ‘the lung's conducting

airways never'reaches a gas exchanging Eﬁrface. Hence, the volume

of the lungs conducting airways defines the minimum dead space
: 1}

of‘theglung. This volume s referred to as the lung's anatomical

, Y
dead space, VD . -
anat

The bronchiaf'tree, shown in tﬁe radiographs and caPts

reproduced in Figures 2.6, 2.7 and 2.8, is in fact a very complex

stack which exhibits last-in first-out (LIFO) behaviour [143.

of ‘the syétem A schematic representation of the overall-

structure and composition of this system is given in Fﬁgure/Z 9.
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Figur:e 2.7. Left Bronchial Tree (Lateral Projectfon). A, Normal

. bronchogram of a 39-year-old woman. | From [50 ]. -
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Figure 2.8. The Pa-ttern of Branchial and Bronchiolar Branching.

A, Roentgenogram of an excised right lyng folYowing insufflation
of particulate lead into the tracheobronchial tree.. B, Magnified
view of the peripheral airways of the lateral basal segment;
upper arrows point to the 'centimeter pattern" of branching,
lower arrows to the "mf1limeter pattern." From [501].
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Figure 2.9a.
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Figure 2.9b. Structure and Relative Composition of the Human Bronchtal
Tree. ’

Transitional and
respiratory zone

S SNy

Diagrammatic representation of the sequence of elements in
the conductive and transitory zones of the airways. I designates
the order of generation of branching, T the terminal generation.
Model of airway branching, BR = bronchus; BL = bronchiole; RBL =
respiratory bronchiole; TBL = terminal bronchiole; AD= alveolar
duct; AS = alveolar sac. After [158]. )
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From a detailed analysis of the bifurcating architecture of ’
the Tung's conducting afrways, Weibel [159 confirmed earlier
workers' observations that these airways br;an'ch by irregular
dichotomy. Thus while each branch gives rise to two dayghter‘
branches, which in turn become parent branc.r]es, these daughter
branches often vary considerably in diamgter and length.. In this
notation each generation of airway may be referred to by its order, Z.

Weibel presented his measurements in two forms [158].

In the first of these,he developed a model of airwe;y structure
that statistically accounts for the irregular dichotomy of the con-
ducting zone. ‘

In a second, symmetric model, he imposed a regular dichotomy
on t*hé structure of these ai'rways . This symmetry may be simply
achieved by taking the mean values.of the lengths, £{z), and diameters,
d(z), for all airways of each genqa/uojn, I. While Weibel's
symmetric model is a gross simplification [71,73,74] of the s_ystem'.s

structure, it offers a theoretical and computational structure which

hés often been exploited in the modeling [133)\ 165] 'and mathematical
analysis 3,31,80 ] of airflow through the conducting zone.
Weibel's data, for a synmetr'ic model of airway b;i furcation,
shows a geometric progression in airway length and diamete;‘ from
the alveoli to the‘ top of the bronchial tree. This progression,

which is shown in Figure 2.10, has been given [58] as:

- -
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Figure 2.10. Observed Mean lﬁameters, » and Mean Lengths, , along
with the Computed Pressure Drops, , for each Generation of
Airway, Z, in Weibel's Symmetric Lung Model. After [122].
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£0 = 12.0
2.16
zo' = 2.5 ° ’
d0 =2.0
2.17
do. =1.3 *

From this data, it s easy to compute the cross sectional area [J27]

of each branch of the symmetric model.

This information is shown in4

Figure 2,11. The cumulative total volume [122) of the airways is

presented as a function of the tree's order, I,

in Figure 2.12.

An analysis of the aerodynamicsl[]33, 122] and fluid mechanics

numbers for these airways.

‘[133, 122] of this model has provided estimates of the Reynold's

These estimates are graphed as a

13-

an

From an aerodynamiﬁ,ﬂﬂa]ysis of a rigid symmetric structure

defined by a regular dichotomy, it 1s possible to compute the

minimum airway 1ength at which laminar flow would resume after a

bifurcation. This length is referred to as the airway's entrance

Tength. The computed entrance lengths [122} for each generation, Z,

of airway in Weibel's symetric model are given in Figure 2.14,

are also given in Figure 2.14,

.The mean observed airway length for each generation of this tree

From this analysis it is possible

to see the nature of the cumulative pressure drops in this system,

/
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Figure 2.11. Computed Cross Sectional Area for each Generation of
Afrway, Z, in Weibel's Symetric Model. After [122].
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_ These ‘computations are graphed in Figure 2.10. From these anatomical

considerations, it is understandable tﬁag the lung's small airways
cgntribute to less than w.x of the conduction zone's resistance [9a].

Gomez [165 claims to have shown that the bifurcating structures
of the lung are optimally defined by three conditions. These

»

conditgons are: ,
! "1) The structural branches occur in such a way that the amount .
of dissipative energy which has to be developed to create 3
air or blood flow through the system must be a minimum,

o

2) The mass'of the structures involved m7§t also be a minimum,

™ so that the volume they occupy has t7 have the smallest

possible value. - { .
3) Finally thege conditions must be such as to define, -
numerically, a prescribed apgarent total length of the o
system."
For Gomez's first copdition to be met it is necessary to show
that the coefft;ients of the fquation of motion of the lung allow
the §ystem‘to provide a g1ven'ventilétory volume with little wprk.
Tﬁe'“%fk done during a breathing cycle may be represented as
an area on the pressure-volume diagram presented in Figure 2.2.
This simple representation is valid because the force£~developed by
the respirato?y systém are measured in terms of pressure differences,
while displacements are expresség in terms of volume changes. The

work, NI , Involved in the inspiration of a single breath is then

“ ,
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the integral of the lung's prsssure excursions over its volume: : -
H'=[P(t)dv(t) ) ’ . o | 238 ™

Ignoring the time lag, T, in our formulation of equation 2.6 we

+ may approximate HI by rewriting equation 2.19 in terms of equation

\

2.6 as: ) - .
= o ¥(t) + o (U(t)? ;
W, '/[a]V(t) + (V1)) goa(V(t)V(t)) + oﬂ(t) )
. ,4&
+ag(V(1)%) #og(V()i(t)) +0,V(t) + aglav ~ 2.19
Otis [ ] evaluated the rate of work 1nv21ved in ‘inspiration,
ﬁ’ in temms 7 Tower order approximation of equation 2,19 as: )
. o > o ' 20 y ] \
_ 4. 2 1 2 22, .13,.3
\ W= -2-;{(V(t)’) + Twz’(vu)) + = (V(t)T)y 2,20 . (
i ' , <
for sinusiodal breathing where V is the mean ventilation at the 5
respiratory frequency, v. : ‘ 4
If exhalation is accomplished passively by energy stored during '
inspiration, Bquation 2.20 can be used to approximate the total d
. .t # ' . . .
positive work needed per unit time or the power for breathing,
If expiration fs n(;t achieved passively but requires the active
participation of expiratory muscles, equation 2.20 bécomes: . ;
I' ©ora 2a . ’
. 1 . 2 313 3 .
NI = Z[T‘WZ(V(t)) i + T'lr (‘V(t))] - ~2.2|
In that the P-V relationship observed during inspiration usually
A . ’ &
traces a geometric figurgg;esembﬁng a semiellipse equation, 2.19
can be crudely approximated by. the expression: '
VR
“ ~
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wheré&IPl and' |V]| are the amptitudes of the pressure and volume '

crgnges respectively. SimfTarly the figure of minimum work,

reoresenting elastic wo}k only, can be approximated as the sfrac'don,

I m/2, of equation 2, 22 [og. - Maximum’work can be similarly approxi-

mated as the simple product |p] |V.

Reahstic compuw of the work of breathing involves 'the
additional considerations 29 of cost of breathing [105,98] and the
re1at1ve proport'lon 0Kk alveolar to dead space ventilation,

. . b .
V,/V: .. The work of breathing is of great importance to our
B l)aqat '

understanding of pulmonary fogction in health and disease R3.22 98.‘142.1“]-
While the exact mechanisms underlying the control of ventilation

]st'i‘ll evaoe us t92], Texpﬂeur'imentﬂ\data [foﬂ support,.fr\Gomez‘s
firet condition. Studies _['I'IS of the mechanical work of ventilation
on gxercisiyng subjects breatoing ‘at variou;l' frequencies are summarized
in Figure 2."15.& The frequency at which minimal work occurred,
increased progressively with increased alveolar ventilation and
corresponded closely at eaoh Tevel of alveolar ventilation with the
frequency spontaneously chosen by the su.b;iect. ' ‘

\ - Gomez's secood condi tion 1nva1ves~ minimizing the mass and
volume of the lung. Such a Tinimizatipn wéuld rr'edhdce the (total work
‘of breathing by .giving the respiratory muscies an easier task 'DI&T'IS,NS].

Gomez's last»condiﬁonn assures g minimum anatomical dead space’

i
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Figure 2.15a. Mechanical work of bredthing in kg-m/min as a function
e of frequency of breathing in breaths/min at several constant
7: v 7 rates of alveolar ventilation, V,. The open circles 1nd1cate
' the fregeuncies spontanequsly chisen. From (§15].
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. Figure 2.15b. Pressure amplitude (solid curve) and rate of work

. (broken curve) as a function of breathing frequency in a guinea'

pig. The points represent instantaneous frequencies of 103
{ndividual breaths observed during a 3-hour period. The \

frequency for minimal work is indicated by f_; that for minimal
pressure amplitude b From [105]. v ' s
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The work involved in ventilating the lung's anatomical\dead space
is an entirely wasted expenditure that is necessarily incurred
by the'lung's architecture-and reciprocating airflow. Hepe!\
the minimization ofMSpQ\appareqy pqth length of the conductiﬂé
ajirways in a symmetric dichotomous lung reduces the work of
breathing.

Gomez's prdof of the optimality of these conditions in the °
structure of the bronchial and pulmonary vaséular trees has not
been published. It was in one of his last articles B6sl, that
he referred to an unBub]ished proof. |

Further work'BSE has shown that an architecture tha§&
optimizes mass gas transport is different from that which is
needed to assure efficiept molecular. diffusion }n the transition
and respiratory zones of th%:Tung. Figure 2.16 demonstrates
the computed [164 range defined by mass transfer and molecular
diffusion processes.

Figure 2.17, which is taken from/Gomez's work [165], shows
that theip eonsideratfons also, hold for the vascular perfusion of
the lung. This result is very surprising, for the pulmonary
/

vascular system perfuses the lung in a queue-ltke manner which

exhibits first-in first-out, FIFO, behaviour. Furthermore, .

‘blood s brought to the alveoli by one system, the arterial, and

returned by another, the venous. Thus the pulmonary vascular

system has no anatomical dead space because the blood flow th?ough

o
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Figure 2.17b. Pulmonary Angiogram (Venous Phase) Showing the Pulmonary.

’ Vascular Tree. From [ 50].
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the vascular tree that perfuses the lung is pulsitile and
unidirectional.

It is also surprising that the same physical dimensions and
structures have arisen from the constraints placed on blood flow
through a queue-l1ike vascular arboresence, with FIFO behaviour,
as are observed for airflow which i unted into and oﬁt of a
stack-1ike arboresence with LIFO behaviour.

In the healthy. individual, the complex asymmetric architecture
of the 1qu's conducting airways allows it to fﬂl‘ and empty
synchronously [130J. This behaviour occurs in spite of large
differences in the actual path 1;3ngth from the trachea to the
alveolar surface in diff regions of the lung 133]. In
héa1th this synchronous %:::tiour is maintained over a wide range
of respiratory frequencies by dynamic changes [33,70] in the
diameters and lengths of the conducting zone's airways.

An analysis of the dynamics of the geometric transformations
of the bronchial tree during breathing would be a very complex and
fascinating taskﬁqiat is beyond the scope of this thesis. As we
have observed in Figure 2’.9 the relative composiﬂon of muscle
and cartilage varies throughout each generation of the bronchial
tree. Dynamic control is aided by sophi‘sticated physiological
and morpho'loéica'l changes in the structure [73,114 and
composit'loanT 167 of each generation of the brohcﬁial tree.

.
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Before continuing on with our analysis of this system, we
should consider mare closely an important methodological point that ~
was briefly introduced in the beginning of this section of chapter
two.
. . 3
In order to classify, analyse, and model the bronchial tree, two
main methods of labelling the bronchi were developed [133]. The
first [158] and easiest to understand, was developed by Weibel. He
used what is in fact a breadth-first search [143,85] to label and
provide the statistics whiéh characterizg‘e;ch generation of airways
in the bronchial tree structure. A breadth-first search proceeds from
the top of a tree and sequentially visits all adjacent vertices at
leach subsequent order, or generatiog, AN
Horsfield and Cumming [71,74] used, what is in’fact, a post-order
traversal of the bronchial tree to label and obtain the morphological
statistics on which they characterized its structure. A post-order
tfée traversal effectively traverses the tree from its periphery up

to the trqchea.\Figure 2.18 demonstrates the essential differences

in labelling a given tree by these two traversal techniques.

Weibel used data labelled by a breadth-first search of the bronchial

~rtree to compute the airway lengths and diameters for the symmétric

mo&el that we have considered in this chapter.
n L

‘ Othe) workers [71, 133] have forcefully argued that breadth-

first labelling of the bronchial tree is an inappropriate manner to

analyze and model its structure. From Figure 2.18 it appears that
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. obstructive pulmonary disease [J35134. In the next

- 52.

-4
a post-order tree traversal does provide a better way of label}ing

the bronchial tree. . Surprisingly, both analyses yield stmi¥ar results

RAB]! »

The necessary and sufficieﬁt strctural characteristics of a
binary tree that are needed to assure the quivalencq of these two
me;hods in labelling and analysing its structure rémain, to my N
knowledge, an open question. However, experim;nta1 data indicates

that these characteristics appear to be possessed by the human

S
-bronchial tree, i’

The analysis of the 'structure and physiology of the.bronchial
tree is very complicated in most disease states. There is evidence
117,97, 166] tb support the belief that various generatfoﬁs of
airways are preferential sfites involved in tﬁe/§epos1tion of
particulate [97] as well as the accumu1at1oﬁft§7] and production
[97] of mucus. The literature also supportd the Le1ief that certain

airways are critical to the aetiology of asthma [ 01 and chronic .

this thesis we shall consider the single breath nitrggen washout test

as a non-invasive tool for the analysis of gas dis{fibution and small

—
airway function in the human lung.
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‘ * CHAPTER THREE
|
The first section of this thesis provides an 1¥troduction
to the many problems inyolving the regional, topograp#ical distribution

of perfusion and ventilation in the lung.

; ) The second section of this chapter describes a non-1inear

rumerical method for the automated analysis of single breath tests

~

% 4 " of ventilatory jnhomogeneity._
!
3
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Section 3.1 '

It 1s not possible to describe gas distribution in the human lung_°

solely in terms of the structural and physig$%gical models presented
in chapter two, as these models address global or homogeneous‘aspects
of the lung's fqrm and fungtion, ‘

. By their nature the models of pu]monary mgchanics discussed in
the last chapter,implicitly consider the lung as a spatially homo-
geneous visco-elastic system whose exact strucfung is greatly 1nf1henced
by the forces acting on it. Conversely the data and models of“bronc;1a1
tree structure diﬁcussed in this thesis are valid under conditions of
zero flou at a given fixed arbitrary lung volume and trqns pulnonary
pressure. The bronchial tree s form is 1mp11c1tly considered to be
fnvariant to the prafsure and volume excursion curred throughout
the breathing cycie. However, see Figure 3.1§:ijL

In order to describe gas disfribution\within the lung, 1t is
necessary to also consider some of t;; principal factors that.have been
shown to be concomitant to, or to affecf, the functional topographfcaI
distribution of the lung's ventiléfion to the perfusion coefficient, *
vj/qj; for a given region, j. A simple description of the lung's '
oyerall ventilation to perfugion coefficient, iiﬁ} in terms of its
spatiai average tells*us nothing of the regional gas or blood distri- 9
butfon. Elegant.studies ﬂ60J5kl3&7£] have shown the complexity of

the: homeostatic mechanisms that appéar to optinize the Tung's net

\overall gas transfer by interactively matching dffferencei in regional

- A
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" of blood flow through the pulmonary capiliary bed-1s therefore greatly

- acti\:ity, exerts éomplex topographica’i pressure gradients on t\\

)

: gradients in' conju/nction with i;he mechanisms that dynamically- controi

~ flow is clever?ly shunted to areas of, greater ventﬂjation This system

-y
,

e ——

3 A % * !
' \
ventilation and perfusion in a synergistic manner,
L i * - *
! , . . AR )
have shown that regfonal vasoconstriction of the pulmonary capillary

# .
In thfs manner blood

- These studies
bed occurs whe}never local uxygen levels fall,

is capable of assuring optimal gas i:r‘ahsfer over a wide range of
pathophysioiogy associated with structu%i and tempora}), or asyn-
chmnous, disorders. The lung is perfused with blood in a manner which
economizes the work invohgd in ﬁErfusing its wlveolar surface under

a givep gravitational gradie}'tt {]5&]/ The topographical distribution

dependent on the body's position f6a]. A .,teleq'l-ogist would not be

surprised to find out that there exis'ts a similar gravitationally
. ’ >
dependent iopographica\( distribution of ventilation (136, 10 114,41]. The

mechanics controlling the gravitationally dependent regional distri-

bution of ventﬂation may be partiaily attributed to the shape, mass .

and infrastructure of the lun which hangs within the body” 3-Pleural
cavity (66, 160] The pressure establishgd within this cd”vity, .
by the effects of intercostal, scalenes and diaphraiuatic muscie
lung's. surface [57,56]. It may ‘be that these topographfcai pressure
the time constants of each branch of the bronchiai tree are sufficient
7to« effectively determine regilnai distribution'.of ventilation in the
human,iung fa1 .14, Ii':\this were the case, thena physiologically

" 14
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~meaningful analysis of the aerodynamics of ventilation could be

oQtained from a weig/?ed post-order traversal of the bronchial tree.
The weights in such an analysis could account for the topographical
pressure gradients attributable to gravity. "Even with gross simb\i;

ficatior_l_g_lthis task presents many theoretically challenging and

computatiBnally difficult problems [33. Furthermore, any analysis

qf airflow through the bronchial tree is further hampered b_Q the

knowl efl%e that each generation of the tree dynamically_changes shape
as a function of regional air flow [76,] 31], pressure gradients [9,57],
céardiovascmar dynamics [26] and overall lung volume [71,157]. 1In

\
addition it {s not clear, to my knowledge, tha;c the bronchial tree

r

expands and contracts 1somorphiéaﬂy'[72‘]\. Hence the angles of

-

bifurcation in the tree may also vary as a complex function of volume,
{

flow, pressure and .cardiovascular activity. These considerattons
e

tend to discredit any of the published mathematical analyses of
airflow and gasldistributi in the lung. For instance, the principles

" of fh;id d_ynami::s‘ suggest fhat turbulent ﬂow usuglly occurs within’

systems that exhibit Reynolds numbers in excess of 2300. Hence, 1f
we consider the Reyn,olds numbers and computed entrance 1engt_us for
the rigid smetrWiﬂ tree model given in Figures 2.13 and
2.14, it would appear that airﬂow within such a:"cast- 1ron bronchial
tree wouTd "be most'i_y turbu]ent n33. However, even this concTusion
is-not certain! In 1883 Reyno1ds D68 was able to careful'fy construct

systems in which laminar‘ ﬂow was maintained at Reynolds numbers in

™/




/ ) : ¥

~ excess of 6,000 [133. Should laminar flow be physiologically desir-
able, it would not be surprising to find such careful elegant design
in the bronchial tree's structure. a |
In spite of the lack of a good mathematica1 ana1ysis of th1s A
system physiological tests of itd behaviour have yielded some
very sinteresting results. While inferential, these results support
a belief that the human lung's stiructure is very well, if not optimally,
¥  adapted to its task. The belief that a biological system"s; structure |

PRt

. is optimally adapted to task is referred to as Rashevsky's principle

ofloptimum design [I\65_|. This principle.is a corollary of Darwin's
paradigm of evolution (]3>3. Rashevsky's princip'lelis of g{eat value
1 f “ to the anaiysis of biological systems. It reduces a functional
. analysis of the system's structure to the 'task of demonstratﬁ'rg that -
!\ L' the structure is in fact an optimal solution to the task at ha:r'\d v
, When such an endeavour fails it is €ither because the system vwola’tes
1( ' Rashevsky s principal or the analysis h(a:}ﬂ(ed to adequately modey
the task at hagd—and cohsider the range 6f its consequences :
Physiologdicat experimehts haue shown that gas(distr'ibution within
~ the ‘Iurfg varies as a function of its degree of 1nf1at1on ‘or overall
valume. "As we see from Figure 3 1 this means that different topo- .,

»r

graphic regions of the 1ung are prefeeentiaﬂy sequestered as a(;unction‘
;- Lo

of the Tung volume at which venti)atlion. fs occurring. The important

ramifications of this effect can be easily undei‘atnoq?in terms of a
: . LT

N ’ N q A

. 'geda_nken' experiment which reduces this effect to an elaborate "\

§
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re, 3.1a. Demonstration of regional inequality in ventilation-

p‘rfusibn ratios. The common abscissa is distance from the bases
"of the lungs, in inches. The experimental data are shown at the
“top and indicate the radioactivity (obtained by rapid scanmning
method) at df fferent lung hefghts. following either a single breath,
rebreathing, or intravenous fnjection of radioactive xenon. These

- procedures allow one to determine relative ventilation, volume, and

perfusion, respectively, of the alveoli at any lung height. From
the .first two the ventilation per unit volume is obtained (center,

- left) and from the last two the perfusion per unit volume (center,

. differences in VA”/ are developed.

right). These two-Can'now\hge combined to obtatn informatfon on
the ventilation-perfusion ratio (lower figure). Both ventilatdon
and perfusion are increased as one moyes down the lung, but since
the perfusion changes more rapidly than the ventilation, large
From [136].x

+ y ,[

—
! ’ - x

= 4

58.

— ey




o s g

— et

59.

v
-
A b
? - - L)
I
* € -
~ ' v, .
o
. "4
<y
B~ s 2 )
, - , .
. g
Diagram of the concept of the slow spuce in chronie olictructive lung disease, , \
P There are variously well ventilated fast spaces’(L,. L) with o collective volume Ly
\ There is s homogentously poorly ventilated group of alvtoli with volume L, called -

the slow space: The total of these wggjous volumes, Ly, is the functional residuel
capacity.L /Ly isthe volume of the slow Pesidual «puce expressed asa fraction of the
functional residnal capucity. Vat, V. q. Vages ure alveolir ventilations, the different / -
subscriptsrefeering respectively to the totalin all alveoli.to that of the slow space and
to thatof the fastapaces. Vg is minute ventilation at the mouth. inchiding dead space
ventilation. Qr, )5 Qiaare the blood flowsrespectively to the whololung (i.e. cnrduc
output),to the slow spuce and tothe fast xpuces. — SV, Sa) g 3nd Seyy refer to oxygen .
saturation respectively of mixcd venous bhod, of mixl arterial blood, of blood . )
urtially oxygemlcd in the slow space und of hlnod l‘ull oxy, genated in the various ~

completcl; oxygenuled bloud mixes into the urtcrml bloed.

v e /

fraction § cardiac output perfusing the |Iow space, and l|ctermmes how much in- > f:

Figure 3.1b. " From [120]. : 5 4
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\\vnn)jref assume that we can manipulate turbulent and laminar gas flow
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scheme for recursively sorting the air we breathe. .

In this experiment consider inhaling a single breath from a

long thin tube. Pretend that we have labelled the sequence of gas

vs’® in this tube by their order of occurrence. Further-

during inspiration in a manner that assures that t‘here is no gross
gas mixing of this ordered arrangement in the upper airways of the

bronchial tree. Under these constraints we would expect the bronchial

tree modgl, shown in Figure 3.2 to fill in a manner which g;opographi-
caHy distrwbutes the breath of air specified by the sequence, Sw,

in a manner shown in Figure 3.2b. Now we know thateghe manner in

which this"tree is emptied depends on the length of the sequence.
va’ and the length of the sequence, S .
notation, given in Figure 3.3, the total lung volume at the end of

In terms of this string

inspiration would be Suw’ while the volume of gas inspired during the

’ ¥
breath is va’ where the volume of resident gas in the lung prior to

this inspiration\woulg be Suv

The effect e\?’&exhaling is to permute, or sort, the initial

inspired gas sequence, S__, into some other order.

Vs
[
and 3.2d conceptually demonstrate this effect for expiratory volumes

Figures 3.2¢
of length Swv(l) and S w(2) where v(2) < v <v(l). Let us first
consider ‘the simple c':ase of ventilating a corpse, where we may ignore
the effects of carbon dioxide and oxygen transfer on this ‘system,
In such a case, the lung's stack 1ike first- 1n first-out venti'latory

s
»-

<
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Figure 3.2, Hypothetical Ventilatory 'Distribution of Gas in a Non-

Movements .

Figure 3.2a. First Four Generations of A/ignays of a Bronchial Cast
Drawn to Scale in Two Dimensions, From []58]
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7 Symmetric Binary Tree During Inspiratory and Expin.tOry‘
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‘sequence va’ then we would expect tb observe the distribution shown

v - - ’ - P s

64.
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behaviour could be‘J described by the operation of a permutation .= on va

as va It is much harder to analyse the effects of a permutation’

on va when oxygen and carbon dioxide transfer occurs. Gas t:gnsfer
invelves making deletions, for oxygen absprption, and insertions, for
carbon dioxide production, on the sequence, Sy Prior to its permutation
during exhalation. The cumu]ativg' effects of random d.ele‘tions and
insertions on a string is a difficylt theoretical ‘problem [85,83].

If the gas mo]ecu]es in the %quencksw were of different /
composition, for exampie: O0,, 602‘~\and Ny, then we would expect tyir
particular densities and viscosities \g\gdfurther influence tpéir
relative distribution within the tree. |

Consider a simple case where we arrange an appropriate sequence of
gaseous_ radioactive tracer molecules, denoted as #, at the beginning '
of sequence,Sw. T'he-n we could éount the number and position of

.. ]
these particles as they are exhaled in‘:::va. In terms of our

¥
gedﬁnken experirb\ent we yuld'expect to see a distribution like that
shown )n Figure 3.3a. Furthermore, if we.were to exafcﬂy repeat this

/
study with a different arran

Ent of radioactive gas molecules, we
would expect to observe a Hifferent exhaled distribution than that ‘
found {p Figure 3.3a. In fact if we were to arrange an equivalent

sequence of radioactive tracer molecules at the end of the inspiratory '

in Figure 3.3c. -

. - - ° A}
The sin91e breath washout tests may be considered as approximations ' (

ek oS SR
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Inspiratory and expiratory flow rates and N, concentra-
tions of individual lungs recorded as a function of time in subject 3
(left lateral decubitus position). Cardiogenic oscillations in flow and
» intermittent inspiration of the left lung appeaced after the right lung
: ‘hgdapparently reached flow limitation. The amplitude and duration
o of the expiratory oscillations are larger than those of the inspiratory
oscillations. Vi, Vi = inspiratory flow rates of right and left
lungs, respectively. : -
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of‘ our ged}anken experime@ﬂ[ These tests involve the analysis of the '\.
sequential gas distribution observed during a single exhalation. J
Va%ious experiments [36,56 114] which involve inhaling an aliquot or °
bolus of radiocactive gas at specific points during a carefully '
controlled inspiratory effort provide information on the distributio‘n

-
of gas over a range of lung volumes. Some results of these

experiments are shown in the s gle breath washout curves seen in
' p

Figures 3.4a, b and ¢. The gdttern of inhaled radioactive gas, %,
) .

~1s given above each of thesefcurves in the sequence notation Suvw used

in our gedanken experiments along with a metric which is expressed

in terms of the standard su'bdivisipns of Tung volume. The curves

shown in Figure 3.4 were obtained from carefully controlled emriment{"‘*w-?
3 o

[
on excised whole dog 1ung [56]. N

2,
, These curves are analysed in terms of the behaviour the four
' 4
phases shown in Figure 3.5. The first phase of these ves, 1, ‘

results from the stack 1ike t@aviour of the upper airway's. This . . & -

structurejn\sfres that the last portion of gas to enter the lung's ‘ ' ' {
Airways during inspiration is the ﬁrst portion to 1eave\during r
expiration. Hence phase I is composed entirely of dempace gas.
If there was no mixing of dead space gas with alveolar gas, which has
partaken in the process of gas transfer, then we wou1\1 observe a step-
function in gas concentratia immediately after an 1ndiv,3dua'l had

exhaled a cumulative volume equal to his anatomica] dead space volume.

The sigmoidal shape of pHase II of this curve results from the ¢

b ~ I
A
I3

\g ) ¢. . ‘ . b ;
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s If the apical regions are overventi-'fated and underperfused then there

f\\/-— N

-

significant mixture of alveolar and anato‘mica\l dead space gas during.
thi; phase of expiratory washout. The third phase, 111, or alveglar
plateau, of this curve is {ndicativeff the respiratory system's
abiH’ty to achieve quasi-stationary concentrations of gas thrqughout a
l‘arge sequential portion of the expired-gas volume. fPbserved gas . Lo
concentrations within the alveolar plateau often gerfﬂy' rise as success-
ively higher regions, with increased v/q ratios, contribute to the
expired gas. ‘% ]
a Towards the end of an expiration when over BOX of the inspired
| volume has been exhaled there is often 3 Quchn increase in the slope \
of the alveolar plateay, This effect marks the beginning of .phase IV of . \
the ex;}iration. The lung volume at which phase Iv begirzs is called ’
closing-volume, CV, whﬂeAthe trans-pulmonary pressure at this point
is called the closing pressure, CP. . . .
At tl‘me start of phase IV the small airways to the basal, or bottom
regions of the lung ﬁave closed or narrowed to a pofnt wher the ° ¢ '
. - regions ddwnstream, or distal, to the point of closure can no longer
cfontribute gas to the expirate. Thus any alveolar gas whixch is distal
. .to the point of closure 1s effectively trapped. Th‘rc;ugh phase Iv'this ,
effeCt occurs in suceessively higher regions of the 'lung.'\ Hefce as -
p)nase 1V proceeds, the proportion of gas entering J:he expirite from i

the apical, or higher regions of the lung, progressively 1hcreasés

10"’

)
1

{s marked 1nc‘rease in the expired gas concentratiqns during‘ phase IV .
. ) 9 * Ty .
as exptration.-procgeds. ~ ~— g .

i
|
l
<
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If this simple interpretation of the conib!ex behaviour underlying

this system were correct, then it follows that the pattern of xenon
concentration in the expirate, which is shown in Figure 3.3a, would
be reversed if the bolus was given towards the end of the, inspired_ .

votume. As shown in Figure 3.3c that is exact]ly what occurs.
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f§ection 3.2 . . ‘ oF
The portion of th‘é single breath nitrogen washout cur¥e

sh;wn in Figure 3.6 will be considered for practical purposes

to be a tabulated function'of* N discrete observations of s

nitrogen concentration, Yn' at a given lung volume, X ¢ (xl'Yl)

..’;xN“.

A

(x2'Y2) reees (xN,YN) , with Xy < X,
\ 1
. .
We wish to estimate the nitrogen concentration at any
lung volume within the domain specified by the phase II1 and phase

IV components of the gas washout curve as:

1c/‘
{ax+n—a€ if a
y =

A

X

A

£y

Bx + n - BE if £ < x £ b,

A
(7N

where: o, B are the s1‘o|;es of the phase III and phase IV segments
of the washout curve, a and b are the boundary points of the

Ao
experimental data, and n and £ specify the nitrogen gas con-

centration and lung volume components at the onset of closing volume,
- ‘

A

/
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In order to obtain optimal estimates of the slopes of .
the phase III and phase IV components of single brFath gas wasﬂ—
~out curves and the point of onset of closing volume, we wish
to determine the pafiﬁeters o, B, 5{ n so as to reduce
their sun of squares of errors, Tf(a, 8, £,-n), to a minimum,
The sum of squares of errors r, fora given set‘pf parameters,

o, B, £, n, may be calculated as:

~

. . p)
(e, B8, £, n, xnl Yn) nzl[y(&, BI El ., X) "Yn]’

= Xlax +n-aE-Y] + Z[Bx +n-B£-Y]
n=1 , n=k

A}

Leung and 0'Mara [20] have previously‘described a technique for

the linear least squares estimate of & B, E, n out11ned in
equation 3.2. Due to both _practical and theoret1ca1 cons1derations
we wish to describe a refinement of this techn1que .This refine-
ment ba]ances the contr1bution of the two component sum of
squares on the Teft hand side of equation 3.2 in accordance with
the re]a}ive number of data‘poﬁnts on either side,of the estimated

value of closing volume. This normalization procedure involves
. A " . .

weighing the cbntribdtion of each component sum of squares by a

%
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factor which is inv‘ersely proportional to the relative number
. [y A

of points on either side of the closing volume. The weights in

question"may be derived from equation 3.2 as 1/_K and 1/(N-K}.

*

By applying these weights in equation 3.2 we may obtain

Al

the refined estimates of o, B, E, n from a consideration of

- equation 3.3

r B 'Y)“iri([a.i- -aE-le . 3.3
(a) B, jgr n, Xn’ n ° X i1 xn n n . e
. . ’
1 Car v 12
I (Bx_ + n-BE Yn]” ,

(N-K) 2g

4

with X dependent on € such that x, < & < x,,.

The set of parameters a, B, :c’.. N that reduce equation

3.3 to a minimum is a solution of the follawing four non-1inear

»

‘ equations:

. , X

1l 23 o1 _ — -

¥ m P(G:Bcsrnrxnvyn) K nzl[‘(xnfg)a*"n Yn] b‘n El=0, '3 4

%%‘B‘ F(alstgfnlxnlyn) D

' - ?[(x 3-£)B+n-Yf[x-E'1-o 3.5
L O ‘ n’""n ! :

r'e iy -
.
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32 I'a,B E’n x ,Y ) = 1 % [{x. -~ E)a +
3 ‘a'ﬁ‘ A AR TR K ng;]_ xn E)a n - Yn] 3.6
1 %‘ :
* TER [(x =-E)B+n ~Y ] =0
N pekpr P nt o
l 2 1 -
¥ 33 M(e,B,Emex ,Y ) = = Zu[a(x -~ +n-Y] . 3.7
g K n=l n ]
N ) ‘ ¢
Py ] BIB(x -8 + ] =0
- = n - = .
(N=K) nekel “n
These equations are obtained by eva1uating each of the four

partial derivatives of equation 3.3 with respect to our set of ~

parameters and subsequently equating them .to zero.

Solving equation 3.4 and 3.5 for o and B in terms of E’

and n, we obtain:

B} LR, LulE) - A ‘ i
@ = alEm) = - G * I \ 8

"/ LS L (Bow(E)] S -1, g
8 = B(EM) = - Zigin Bl oLl B




A et W et

S .

where "
! ? l
A= Y
'p=l P
N
5= n£1 ?:nYn
6. & Ez‘ £)
P(E).= < (x_ -
. K n=1 n
3
, K .
1 2
Q) =z I (x =E)
, K, B
N

S (&) F=%) n=£+1(xn

. 1 Iil (
 T(E) = N-X7 x
' (N- n=g+1 1
. * % - )
A(E) = Y
n=1 n
IR X , K
ME)I = 551 x ¥

" with K = K(&) such that

¥g £ 6 < *gy1

3.10
3,11

3.12

3.13

3. 14

3.15
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Eliminating o and B from equation 6, we get n in

tn.erms of' E‘ on/'[,y':

P(E)[u(s)-EA(E)I sg;){s- €A+§A(€1J A(E) (A—X(S}4’3.18

fi=n{f) = KQ (&) . : [N"KIT(L I K [N~K]
N o [P(g)l 1s(e)1? n o
- ST ‘ii%(E)l o

A

Hence. from ‘equations 3.8 and 3.9 « \and B " become funttions .of'

' - &  only, and equation 3.7 may be"r-ewr tten as follows:

0((£),8(E) (Eim (€)1 s ¥ )

_f. ,
A=) (£)] . e 3,19
= a%e(g) + 25 (5). + (aepin = BAEL - BRI =0, 3
v Thé zeros of equation 3,19 may then be obtained by. an

iterative algorithm employing the variable secant method 0 64].‘ vy

: > ’ S

This method uses two arbitrarily chosen values of £ to ‘generate (e .
a sequence of & 'that may then converée to the zeros of equation

3.19 by using the iterative formula:

] ' ‘ Q(E ) [E - E 4‘]. . a ’ ‘_ N . ’ .
¥ . "y r—l 3(.20
GRS TeEy - W) ¢ S
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The zero of equation 3.19 that reduces the sum of squares of
*ermrs T (q,8, E.n,x Y), to a g1oba1 minimum optimally specifies
R + 3
. the unbiased value of ‘£ at the point of onset of airway q]osurg.

“ ’
. N ,
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CHAPTER FOUR

The portiom of the single breath nitro%en washout curve
‘considered in Figure 3.6 may be treated as a continuous function
.. ¥y = £(x) with boundary conditiens sgeciﬂed by a < x <b.
In this case we may apply the method of least $quares to approximate

9 - the contiguous function by two intersecting straight Tines

’ - N -

ax + n - af. - ‘
i.—: ' (4.1)
Bx+n:'8€

The four parameters a, B, n, £ in equation (4.1) are

= \
determined so_as to minimize the squares of errors:

4

: £ A :
I = I(s,8,n,8) = E—};)—f (9 (%) - € (x) 1 2ax (4.2)
. . a '

£
1. ~ 290 = 1 - 2,
+ TB2E) t[y(x)—f(x)] dx = o(g-a)Jaiaxm-a; £1{x)]%ax

L 4

°

, b . . . .
1 - 2
+ ng[ﬁx+n—6€ f(X)] dx .

The vaTues of o, B8, n, §E may be nbtained by solving a .
system of four non-linear equat'lons. These equations are derived
from equating to zero each of the four partial derivatives of

equation 4.2 with respect to o, B, n, &: ) ’L
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3 -0 _
glla,B,n,8) = (4.3)
Sia, 8,6 =0 : ‘(4.4)" L
- 4
%I(a,ﬂm}i) =0y (4.5)
21(a,8,n,E) =0 _— (4.6)
BE 14 r I 4 -' .
. ’bK , *
or explicitly, as shown in sectfons 4.1, 4.2, 4.3, 4.4,
L - _.3n +3(u=-EX)
0:.—: G(ﬂag) 2(E_a) + (E_a)g (4:7)
aim gy o =30 . 3[(8-w-E(A-A)] .
B = B(T\,E) - 2(b-a + ' (b_E)a - (4«8)

1

- _3(u-EX) _ 3[(B-u)-E(A-A)] . ‘
n =) = Ty (b= 7 //)~

. ' (4.9)
2) 2(a-X) T
M R v 3
f , . za N -
. ME) = n(£)o, (E) + ¢,(E) 20 (4.10)
where' -~ - ‘
28 (E) 2 . 3[2u-Ma+£)]
9,0 =2t Tt T :
o . (e.11)
o 26(8) _ 2(A=)) _ 3[-2(B-u)+ (A=) (E+b)
R T A —{b-£) 7
» % - ! . a PR
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NG A :
« « ¢, (8) = t;-%a - (g~\;)2 . " (4.12)
| ’ L (i—En) [2u-A(atE)] _ [£(E)1% , c-v
~ Nt . (g-a)? " b-§ ¥ {(b-£)2
\ + 6[(B-pn)-E(A=2)Y]1[=2(RB~u)+(A-1) (E+D)].
- {(b-£)°> P
with
. . .
A= M(E) = I f(x)dx (4.13)
,  Ya S
u=ul{g) = f xf (x)dx ‘ (4.14) ‘)
a l N
. E R i . .
v = v(E) = J [£(x)]2%ax (4.15)
) B . a : . , .
J o A= )(p) = ff(x)dx - {4.16)
a .
s ,
- B = (b =fxf(x)‘dx T B U )
N v  Ja
b . ( '
c = vib) = f [£(x)]%ax .« (4.18)
a . . .
“ "The zero of equation {(4.10) may.then be obtained by an. jterafive . g

algorithm employing the variable secand method. This méthod uses

two arbitrarﬂy"chosen vaTues of E' to generaté a sequence of &
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that may then converge to the zeros of equation (4.10) by using P .

the’ite‘rative formula:
- &~ ‘:u ) iy -~ '
. ~g - ¢ : } :
[} = . . n n-i 1
’ £n+1 En +\'A(£n A(F.n) - A(E ). - (4.19)
P _ n=1
SECTION 4.1 o
o o ~- , ‘
By equating tWial derivative of I(a,B,n,E) with
) réspect to a_ to zero, as in .equation (4.3),‘ we obtain
- L] " - - ’, g
£-a 3 IE cax )
. 5 El(a.ﬂm,ﬁ) ==j [ox-n-af-£ (x)] [x-Eldx .
. a _
. ; e) -
= aj x*dx + In-—.at:-aslj XdX-E[ﬂT‘OlE']I ax -
va a . a .
E E o R ' . e f
 + Ej £ (x)dx —'I x (£x)dx S - .
a a S
= $lg*-a*™ + Fin-2ag](£2<a?] - Eln‘ag] (-a]
h""\ + g)\ — U‘ . . \ .
= %{g’-a3—353+3a25+3g3-éa52] - ' o
> o %, o+ Hg?-at-2g242aE] + EA -y
e R -
= Flg-al? - g-al? + Eh - u=0 " (4.1.1)* 7.
s\ . ’ 3 LN . . ‘ . . Q\’- o.'./(
wheré 3 o N a
k .5 - k)
- L= =J £ (x) ax (4.1.2)
—— ’ , . a . ' ' .
bW = [sfaa T @
: , C i ] » . , “« 0t " ' -
3 . . . :
' . ’ ' .
’ & - v {n '
- ) <

14
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for o in terms of n and £:
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= EquétiOn (4.7) is then obtained by solving equation (4.1.1)

A}

Ly

‘ P
in ghich 2 aqg 1 are defined by equations (4.1.2) and (4.1.3) .

as function of &.

-

" SECTION 4.2 . - L
- ¢ By equating the pav‘tia]t,derivative of I(a,B,nE) with
respect tdo B, A{Ias_in equation (4.4), we obtain: '
~ ‘ b. -
-7, b 2 ta,8.ni0) =j {Bx+n-BE-£ (x) ] [x-E]dx
\‘:’ ) ) € -
; - Y b - . . . b '
= BI- %2dx + [n_Bg__Bg]fbxdx - g[n-@i]f dx
RS- 3 . E
b o
. i + EJ F(x)dx -~ rxf(x)dk
Ve ’ £ £ , °
, e o Brpna 1, 2_p21 o .“_ Y
» ;o= glb*-g%] + 2}71 2gg][b £ ] Eln-8E] [b-£]
v + E[A-12] -‘-\_’[B-u] . , P .
4'- ‘ ‘ = %[b’l-g3-3b2g+3g’+31;52\-3g&] .
- . + %[bz,—g.z’-2b5+2g2j + ’é\m-u - {Ae-ul
R ‘1” R LR, R ‘ ‘
o . = $ib=g)? + QIb-g)? + g[A-A)- - [B-u] = 0 (4.2.1)
' o R . . L - w B ‘ .
. s where -
a o — ' 4. ’ r."“ b'( '\\‘E
* A= A(b) = j £(x)a L 2.
b ';/ e o . a iwk , -
Py " . R » & Pl '
o< : ' -0 ' :
P . \

- -

-

A
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} ' - , (4.2.3)
| B = u(b) = jbxf(x)dx S
a

{

4

Equation (4.8) is then obtained by solving equation (4.2:

¥

B/in terms of n and £ :

) -3 3y ' '
;B =8B = sl B0 - E(a-M)] (4.8)

in which X and u are defined by equations (4.1.2) and

"« (4.1.3) as functions of £.
SECTION 4.3" -

By ®guating the partial derivative of 'I(o,B8,n,&) with

respect to n, as in equation (4.5), we obtain: -

: g
%%I(G,B,H,E) = ———gfa :rx%n-ai*f(x)ld#
| + -l~fbtex—n—ﬁs~fcx)1dx
_\ b"E E '
_ 1}a A
, = E_:g{i(gz-az) +£ (n-ai)‘(ﬁ—a)} i pery

+ B%E{§<b2-g?7‘+ n - ag>(b-£)}17 A2

g »
a ' A LB A
_=3(E+a) + n .~ af - 2:51+ Z,(b%)f\r_‘
r ’-BE-%—%
“ = 2n - $(g-a) + Bo-p) - Ao -\ (s

. . o« \
)Hminating o-and g from equations (4.7), (4.8) and (4.:})

we Qet n inhterms of & only: .

83.
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[ .
1[3n , 3(u-kA) 1[_3n , 30(8-u) - g(a-2)]]
2n - 7[2 * “—%T(z-a ] taT T (B-¢)? ]

n_ 3(u=E)) , 301(8-w) - E(A-1)]
2 7MTT2 Eca)Z * 2(b-£) 2%

LY \ A |
'_-—_.__..E-a - b_ = 0 ) (403.2)
@ ) ' #
Hence equation (4.9) is obtained by solving equation (4.3.2) for
n 1in terms of £ :
=+ /

3(p-£A) _ 3[(B-u) = E(A-

n=nlg) = 'Q'a)? (b-2)2 ¢
n 2% . 2(A-A)
+‘g—a + 5% ‘ (4.9)
.

SECTION 4.4 [
By"differgrtiating equation (4.2) with respect to & -

- -

~ we obtafh:’ o .
. . " £ .- )
- 201 —F{ — In—aE=~f { 2
EEI(“'B'“'E) = ~f-a a[ax+n+a€ f(x)ldax + E_aFuE+n uinﬁ(i}]
w ' .- .
- ——2-53—- [Bx+n—-BE-f(x)])dx - L[QE*H*BE—E(E)“
b-E £ . b-§

. "
.
.

3
- ’(g——lﬂf [ax+n-af-£ (x) ]2dx
a N . .

. b .
! ) .
+ Ts:gyr~£IBX+n-8€-f(§)J,dx : (4.4.1)

kS

/

where

84.



\7 TEYT {ux+n-a§ -£(x) ] 2dx

[

<: ‘ . ' 85.
g
20 _ _20fa,,2__2 _ _ 20\
-g:gja[ax+n?u£—f(x)]dg = ~E:;[5(£2 a’) + (n-ak) (g a)] * Foa
= -2a[~§-+ 2 4n- ag} 3%% .
2 = a?(g-a) - 20n + —2—?_% (4.4.2)
| - | -
and
-
28 (B | ~
-br__gjl[ex+n—sg-f (x) 1dx
jﬁLfﬁ - - ] - 2B [A=}]
Bl Sy ELZ( E } + (Y\ BE) (b E)J b-E
- [bg _ 28 (A=1)
= _2B|. 5 + + n BE}| + “b-f
= -B2(b-£) - 2pn + 2BAA) - | . (4.4.3) R

b-¢

and ' . ‘ .

= 'é;lai"'[a (g2-a’) + (n-af)?(E-a) + v + “‘“"“E”Ez"a )

- 2au - Z(H—GE)X]

= “Foa {*(E +ag+a?) + (n-aEV + a(n-af) (£+a)J

= -Tzéary[v—ZQM—Z(n-aE)X]

1 [a?g? 4 80f . .a?a?
E-al 3 3 3

+ +.n% - 2anE + a?t? + ang + aoan

- a?t? - aazg] L'Tzf%TT{v - 2ap -~ 2(n-af) A}

, .
='-§—_}-_'-a-[%—(52-2a6+a2:) + n? ;anﬁi—a)]
- Q{%}—;[v - 2au :;%—GE)A]

/



£

2 ' N
= -%(g-a) - P 4 an - qeyrly - 200 - 2hn-eE) 1 (.4

and_ ‘

"
-

1

b
Tg:gyrj [Bx+n-BE-£ (x) ]2dx
3 .

» »

S

2 ' . -
= TBf%TT[%r<b3-€3> + (n=-BE)2(b-§) + c-v + B(n-BE) (b2-E?)

= 1B-g)

1l
+W[C-\)—ZB

28 (B-y) - 2(n-ss>(A-x)]
1

I

+ Bng - bp?g - 8252] + TEQETT[? - v =28(B-u)

1
= =gy

~

r2 2 1
= %T(b~5) + é%g + Bn + TB:ETTIC - v = 28(B-u)

where

2(n-BE) (B=1) ]

28 (B-u) - 2(n-Bg) (A-2)] -

2(n-gg) (a-2) ]

-

(8=u) - 2(n-BE) (A-X) 1,

\ £
' v=v() = j [£(x)]2%dx
a

c=vib) = Jb[f(x)lzdx
. a |

' B

2
[%T(b2+bg+g2) + (n-BE)? + B(n-BE)(b+£)]‘

A

2p2 2 2.2 "' .
(bfa)[b f‘ * b%sg + ﬁﬁé” + n? - 2BnE # B2E? + Dbpn -

i

. .
[%?4b2_2b£+52) +n? o+ Bn(bfgﬂ + 5ogyrle - v

(4.4.5)

F

 (4:4.6)

A (4-407)

ﬁ*“ﬂi
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Hence '
. s
4 / ) *
3 2 poy - 202 [ 1 1 .
. E-E-I(G:B,H:E)’ = Q (E—a) - 2o0n + ‘E——“ + [n-£(&) }ztr“‘ —"‘E‘]

2
-B(b£)~23n+£‘5&£—*_)-.§_(g—a)-g‘:§

, ' 2
+an - TE—_-:-LEYT[V - 2au - 2X(n-af&)] + %—(b-ﬁ)

2 .. ”
+ gl:g + Bn + TB—:];E-W[C -V - 2B8(8~u)
- 2(-BE) (A-1)] - o

= Z{a® (E-a) - B2 (b-£)] - (asB)n + {[£(£)]?

- 2nf(€)}[g—— _LE_] 20) | 2B8(A-}) .

~-a . ‘b~
- ﬁj?‘[)’ - 20u - 2XA(n-ag)]
+ jg:lg-yz-[c -V - 2B8(B-p) - 2(n-B&) (A-A)]i

-

" However

$a? (E-a) - 8% (b=£)] - n(a+8)

2[ (30 | 3(u-Er) . 3[(B-1) - E(AX .
= §-LG(—2—+ —(E——TT ( 5 + { '(b..gyz( : )1)] - rrll(n"'e)

o 20(u=-EX) }[(B-m - E(A—A)]
(e=ay 7~ N (b-g)* . T

Thus .
21(a,8,n,8) = £(E) (£(E)- 2n1[ —-L] + Trayrl2ou-2aEi-y
Y3 BTl ‘ T b= ‘(g':‘;yr Lt b

B ) ‘ .
,'1,'2cxu+2n)‘.~2a£)<-+.2uéx-'2aka I+ Tparyrl-28 (850

L]
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+2BE (A=2) +C-v=28 (B-1) -2n (A=1) +28 (A-1) +2bB (A-1)
~28E (a-2) ] '
- | = f(E) [f(E) 2n][£ Za ' b_j_- } —(———5—7[20(2‘.[ g)\-al)

wam) s Tglgyytza(—zte-ul + Ea-A) + B(a-d)

+ c -V - 2n(A—-)\)]

|

1

=Uf<g>tf(g) - 2n]{£ L - B+ tere{2rzumr e
- 3n 3(U-€A)] _ 1
L4 _[Z(E*a) * e a)? | NV 2“*} + Tg:gyr{2[-2(8-u)
'I!‘(r ’ . . : . )
R o+ (A~A><e+b>1{27g“27. 3048 F&T_Eféé—k)]}

4 ¢c - Vv ~ 2n{a-=-2x)

: which in turn equals

S {Zf(a) 22 320 ~ A(a+€)] |, 2£(5) _ 2(A=))

E-a P (Ga)z YT (- b-£) ~ Tb-E)7

L 3L=2(By) + (A-M(E+b)]} L LEEr v
2 (6=€) 7. tma -~ (E=a)?

L, 6(u=EN) [2p — A(a+E)] ;.[f(gVIZ 4 o Cmv
: {E-ays (b-g) % -

\'- g LW - EA-N1(-2F-u) + (A—k)(€+b)]

-
f

+

(5-£) 5.

L= ntE e, (E) + ¢, (E)

.. Equation 4.)0 is obtained by equating this partta] derfvative
“to zero: ' =Ty

e

. ¥\ M) = n@e(e) £ e,(E) =0 (4.10)

v ——
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CHAPTER FIVE

SECTION 5.1 - PROGRAM DESCRIPTION

A compuer program, in the FORTRAN language, was developed to

incorporate an algorithm, A1, described in Section 3.2 of this thesis,

into a utility package suitable for the comprehensive automated aﬁa]ysis

of lhe SBN2 curve's characteristics.

The program has a modular structure.which improves its clarity

-

and simplifies modification of its code. It contains:

A1)

. A2)

A3)

A4)

@
The program's main algorithm which fits the experimental

da?a to two lines. This algorithm calculates the slopes
(o,B) of these lines and their point of intersection (E,n)
in accordance with equations: 3.8,359,3.18,3.19,3.20.

An algorithm which extracts the latter half of the expired
vital capacity (VEE) and stores it for further use by A3.
An algorithm«@hich calculates the following subdivisions of
lung volume: vital capacity (VC), inspired VC(VCi), total
lung capacity (TLC), and residual volume (RV). It alse
calculates: CV, closing capacity (CC) and the ratios:

~ CC/TLC, CV/VC as well as the angle, ¥, between the phase III

and IV segments of the curve. In its calculations A3 applies
Al to the data file obtaiy;d from either A2 or A7.
An algorithm which uses A1 to calculate the anatomical dead

-

space (vDanat) from phase II of the SBN, curve.

<
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A5) A routinge which calculates the approximate f1owxrate V through-
out the expiratory phase of the SBN2 manpeuvfe The program
informs the user of peak, mean, and minimum flow rates.
as well as noting any-grossty non-uniform expiratory flow.

A6) A data #kreening sector to assess the technica1 qualfty of
the data file should: '

1) .the expiratory volume differ from that inspfred’(i.e.,
fVCI - VCI]- VCp ) by more than 5%,
2) the exp1ratpry flow rate, V, (calculated disregardjng the

¢

3) any expiratory flow transients exceeding 0.7 liter/sec.

.

persist for more than 300 m1. of expiration.
: ‘ o o ‘

Whenever a‘data file fails to meet these standardized criteria [157]
further caTcuIateons are 1nterrupted, a d{agnostic message {is printed,
ané the prégram/transfers control to the user. 1In such a case, the user
still has the option of forcing the program to continue the analysis
of the rejected data file. - : ’
Section 5.2.° Program Restraihte

Under the program's restraints it wilj print an error message and
éutomatica]?xltenginate further calculations on a &;ta file when:

R1) * the denominator of equation of 3.18 equals zero in the

evaluation of n(E);

first 500 m1. of expirate) exceed 0.5 liter/sec., [179;8,80],

e
T
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R2) the difference between two consecutive values of E(r) *n
equation 3.20 is Tess than the value specified by the
parameter EPSILON 2;
R3) the denominator of the recursive formu}qﬁemployed in equation
3.20 equals zero;
' R4) the program has failed (after the number 6% itefations
" specified by the parameter ITMAX) to find a value of £(r)
in equation 3.20 whichreduces the value of o(£) in equation
-3.19 to less than that specified by the parameter EPSILON 1.
Furthermore, should the calculated slope of phase III exceed that
\ ‘ estimated- for phase IV (i.e., CI:p>a) the program will pﬁint a diagnosfic
message and enter into a more complex fterative routine. This auxiliary
routine , A7, continues to delete the 1ni£ia110% of the data ana]ysed
by th; a]éorithm until it»e1ther calculates a satisfactory estimate }f‘
* of CV or it encounters a program restraint and terminates fupthér
calcylations. The program will also enter this routine.if it Epils to
detect tﬁalonset 8f phase IV (iag:, C2:8=a). Under these two constraints = ™«
(f.e., C1, €2), the algorithm may be successfully applied to data files

which contain a markediy irregular alveolar plateau. However,when in

this auxiliary routine, two further restraints (R5, R6) are required} i
- - T
. s ' . 4
R5). the maximum mifber of itefative reductions of the data file

specified by the parameter ITRUNK has been completed;

PR ST e A S —
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R6) 1t no longer contains the minimum fumber of points specified
by the parameter INUM. e ) ‘ b
" Section 5.3. Data Reﬁuests
During its interaction with the user the program requests:
D\) the machine temperature and barometric pressure under
" which the test was administered. (Th{s permits the ca1cu1af16n
of the BIPé Tung volume correctign fagtor) [5];
D2) the individual's age, height, and sex. (This permits
the calculation of appropriate preditted values of the SBN2 i
parameters from standard regression equation;,{]S 65];
D3) the n;me of the data file which contains the sequentia¥ty
| acquired values of both lung volume and nitfogen‘concentratioﬁ

obserwed during the manoeuvre.

»

4\Sect1on 5.4. Anatomical Dead Space .

The amount of nitrogen expired (VEN ) prior to the onset of phase III
. . 2 :

25

is the result of the changing mixture of alveolar and dead space
gas observed during the early expiratory phases of the SBN2 test, [11,46,24].
In theory is amount of nitrogen has been expired with alveolar gas

on'ly. As"h it is possible to calculate VD 'from the model proposed
by Aitken and Clark-Kennedy [ 21%n which 5;5 transition between

a]yeo1ar and dead space gas concentrations is sharpened to a theoretically
valqa vertical boundary front. In their model, déscribed in Figure 5.1,
tﬁis bqundany front 1s,gr§bh1caliy constructed so as to maintain the

.‘. . N . .\"
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Figure 5.1, Diagram of the method used by Aftken and Clark-Kennedy
to compute the lung's anatomical dead space from the single
breath washout curve. . :

+

Abscissa: Expired volume.

Ordindte: CO, concentration {vol per cent) in expired air.
The area under the experimental curve (0ABCG) represents the
amount of CO, expired during one expiration. If a perpendicutar
OF is drawn, so that area FDCG equals ared OABCG, OF represgnts
the volume of the dead space.” From [11]. ’
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amount of N2 expired during phase }I. Once this theoretical bounéary
front has .been constrhcted,th? Vaanat is sim61y the volume expired' A
up to that point. A4, the algorithm described in this subseéction of
the program, caiculates VDanat‘l" accordance with the methodology '
descr{Qed in FigUfe 5.1. It calculates the VENZ expired -from TLC ¥

(the point.A in Figure 5.1) to the onset of phase III (the point
V in Figure 5.1) as:

. ~ A -4 ' o
Ve, 1= 7 N Jdv = 0 (5.1)
2 v v , ' o
A4 makes use of a six point Lagrange interpolator [52] to augment the
quality of, the numerical integral obtained from the Cote integration
formula [52] used in our evaluation of equation 5.1.
this interpolation routine was required Hue to the technical,

characteristics of our data acquisition system in which the analogue 4

to digital conversion of the experimenta1 data occurs at a timed

interval of 100 msec. As the result of the’ rapid concentration gradfent
‘qtserved through phase I1I, the system acquires sequential data poii‘s

from that portion of the curve which exhibits Targe concentration
“{ncrements. __ o ’
- Aﬁplying an integration routine directly to such data would need-
Tessly introduce‘subitényia1'error into our calculations. The Lagrange

interpolater circumvents this problem B} using our experimental data

- to estimate nitrogen concentration values throughout phase II at much

f .- N L.
finer decrements of lung volume than were recarded. The incremental
- *
- S
bl
Lo

9.

~
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|
|
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L -~
concentration differences are thereby neduced to 2 point wheragghe Cote's -
integration routine may be accurately app]ied to such a preprocessed

~

data segment. Having calcu]ateJ\the value of J, A4 procgeds to calculate

the slope (m) and y-intercept (e) of 4 strafght Tine fitted to that
~ part of phase III contained within the first hal¥ of the VC. These
" coefficients are obtained by applying the program's main algoritpm, Al,
to the appropriate section of the VCE data }112“ For our purposes, %
that section was taken to contain the lung vo]ume and concentration, L i
data from that part of the first half of the VC in which the aitrogen l
1 ' concentration exceeded 5%. The predicted nitrogen concentration \
[NZ] during the initial portion of phase III may then be calculated as: * | .
N, = v +e. (5.2)
- R o
Our method then proceeds to gxtrapoip;e the l{ne of fit drawn through
the intial portion of phase III in Figure 5.1 beyond its \junction at*
point O with phase Il to some point . This poiﬁi 0 is det An%ne& S0
that the area contained under the extrapolated port1on bf §&1s Tine

LY}

equals the value of J

oy ~

tained from equation 5.1% Explicitly integrating

, > .
equation 5.2 to obtai e area under the gxtrapol;&gd portion of this
¥ a .

line as:.

“ f 3 . -

\
4i

2
<3

J NIV = B e (o- Wime - (53
/ . “

(o)
(o]

» and equating,it°to the value of J. The algorithm determines the point

0 as: .. ‘ o




by

»

0 = -:/miL m2+4(2J/m+V2 - 2ev)

where © > 0, Vp

/‘ g ._anatav"{'e_'/

Section 5.5. Calculations: Closing Volume Determination

e " CV is determined by applying ‘the non-linear least squares

4  procedure, encoded in Al and described in Section 3.2 of this

tl:.asis,to theJlatter half of VCE.,

(5.4)

;(_he structure of the a'lgorithm.

' N
that we developed to fmplement this procedure is shown in Figure 5.2¢

This algorithm is incorporated into the overall program structure

outlined in Figure 5.3 in accordance with the constraints and restraints

we have JUSt outlined. Figure 5.4 describes the rules which contro'i

. the operation of the

o

arithmetic algorithm, Al

Under most circumstances CV, a, B, and the anglep are determined

|
by :che appHcation of "Al to the data file obtained from A2 under

restraints R1, R2, R3 and R4. However under certafn cond1t1ons,

specified by theconstraints'Cl and C2, the closing“volume parameters

" A7 until either an acceptable result is obtained or the data is

rejected on other grounds (i.e., RI,

R2, R&, R4, RS, R6),

are determined by the application cf Al to the data file produced bff

In any case, the ang\e Y {s determined as the supplement of the

~acute angle @ \ghere:

e ’ _ o-8
" tan»(Q! " Tval

-

'given' that (a'- B) # O-f (1 + aB).

e

.
(5.5)
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CONDITION STURS
a f
R © NN - - ¥ N NHNEN K
VIR > 2 . R A AL R
’J}.(N) - #(N-1)) = 0O ) , ¥ NN - NN Y NNN-N K
LN -E(-1)) k ¢ 2 " L NN - NN - NYN-NK N
1TIR > 1TMAX _ * Y Y Y - N Noa N 'Y - N O
P . o <« - - Y Y N -.N « - - Y N
~Till D~  ITRUNK N > YN « NN - N -~ - - ¥ ]
. N 5 INUM - Y - N - NN ~r N - - « « 1
A )
. -
[ .
E A
i - 4 \ ¥
' ‘
; ‘{' : ’ I ' 2
) ACTION_STURS
w‘ ) »
Print "ITHAK EXCEEDED" 900 ®
\' . s "
Y Print “(o(N] - #(N-1)} = 0" v ®
. Print “NO SIGNIFICANT VARIATION IN £ (N)}" ‘- 1 ® 6
4 - "
! Print “WITHIN SPECIAL ROUTINES (C1 or €2) o0 o0
P Print “NUMBIR OF TRUNCATIONS EXCIEDFN™ . ) . -
Prive “NUMBFR OF POINTS INSUFFICILNT® L ] @
Print "RETA > ALPHAT 3 ® o
\ Print “LNTPRING SPFCIAL ROUTING, & < ¢ 17 oee0 )
Caleulate L(ITIR *1)=f(ITFR) » ¥ # \ ) )
Calculate FQUATION 20 @ .
ITIR » ITLR + 1 o e .
T — % J,
. SWL . . ee e 006 0 ¢
sRISIRN 10 TABLE 1 (CALCULATF A o R) e @ ° Py
. DYLLTE INITIAL 103 OF DATA TILE ; .. 0 ’
T ow PRINT RLSULTS (IN RLIORT FORM) . @
~ Figure 5.2. Decision table illustrating the logic of the overall
) implementation of the non-linear least squares method for the
‘ analysis of the SBN2 data. ‘
‘ Al
, .
. ~ ' L 4
X i
A ) . R ,
w $ .
+ X - . * 9.
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CONDITION STUBS RULLS
Start, I =N winin [N [N[Y LY
T >0 N Y|y |Y |[Y|Y]nN . .
T S0 N|N|N JN|n] Y w .
K =0 YIYIN NN N
. K ¥ (N-1) . NiNTY [vin] n.
k K= (N - . Y|N|YIN]Y]| -
- 5 ;" - .1
ACTION STUBS k
< . ' IHA.
. ~ I =1+ 1 . X !
T - (x(1) - (ITER)) X v ’
Return to start - X ( ) i
KPLUS1 = I T B x| x| x| x]x| x :
K = (1~ 1) x| x| x| x|x o
K=1=N, ' X ' }
. Set:Q%a=)=NaQe0=y x| x >
* Equations 3,14, 3.15 X| X X
Eguation 3.18 x| x] x] x| %] X I
* . Equation 3.19 X] Xp X] %] Xt x
Equation 3.9 X X
. . Equations 3.!6.3.!7,3.}2.3.13 ] Xt xtx
| "I By ~R=T-0 (\. 1 x X
Equation 3.8 Xi{ x| x] x
. . e

Figure 5.4. Decision Table Illustrating the Detafled Logic of the
Program's Main Numerical Routine, Al.
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The variatﬂe secant method Deq utH1Zed in this procedure is _
1n1t1aHzed by ass1gn1ng arbitrary va’lues to 5(1) and £E{(2) in equation ’
3.20. ) o ‘ .

. Section 5.6, Pro’gr;m Calculations: Lung Volumes ’
!

The algarithm A3 searches the entire data file to find Vg

and VC,. A3 then‘calculates the total Vg~ as
I R P

_— RV ‘ '
’ Ve, - = J t+. f[N ldv . {5.6)
The 1ntegra1 on the right hand side of equation 5.6 is evaluated as
the simple sum of the 1ncrementa1 area calcu]ated between consecutive
data points from the onset of: phase III .to the end of p’nase Iv.

TLC,may then be calculated I7 ]as o : . « ) '

4

¥ B
- ve FA -V 'D o
.1 N2 ENZ(VC VDJ .
e = , , - T L T B
VEn, ’ X
e VoV, S

where FANz is the a1ve01ar nityogen concentration.

In our computatwns FANg ¢ the arithmetic m"ean nitrogén concen‘:w
tration value calculated within the domailn of lung volume specified
from the onset of phase III to i¥s end (i:e., from the points V to £
in Figure 5.1). RV is then calculated as th&difference between TLC
and VéE CC was calculated as the 'sum‘of CY and RV. A1l of the above
Tung volumes were then multiplied by the BTPS correction factor and the

remaining lung volume ratios are then calculated.
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X CHAPTER SIX ) .
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The‘first six figures of this chapter are examples of=single bre&th
washout curves pubtished in the Titerature. »

Figures 6.1 [102], 6.2 (101] and 6.3“F99 ] are samples of tracings
obtained using Zenon, Argon.and Xenon gas w?shoui.

These curves illustrate the wide range of shape and the effects of
carqiogen%c oscillations [ 54’14]1 on the washout data. The effects of
cardiac activity and airflow rate on these tracings‘mayﬂbe more.CTearTy
seen in Figure 3.4 g 5% ].. This study [51 ] simultaneouslty recorded
airflow, gas concentration and the subject's electrocardiogram.

Figures 624 [34 ] énd 6.5 [ 61] are tracings taken from the
reports of other researchers who have attempted to develop computer
programs for the automated analysis of closing volume. These two
figures were published to illustrate the types of curves that were
either poorly ﬁnterpretéd or ﬁisintgrpreted by their programs .

The remaining thirty-seven figures in this chapter demonstrate
the results of theldiscrete non-linear algorithm's 9nﬂfysis of 13
test cases. The raW‘diii/for these.cases js presented as the first
p}ate in each figure. The subsequent plates in each of these figures
show the results of our anqusis superimposed oﬁ’ﬂﬁrious segments of

o+

the pﬁase III - phasé IV data. As we can see from these figures, the
N
algorithm is capable of simultaneously fitting the phase I11 and phase IV

portions of these curves in‘a way that closely matches the eye's ability

S

G
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P ’ SMOKER .
CASE » ~

31 yeors

L

EXPIRED ARGON CONCENTRATION

T EXPIRED VOLUME RV

\Y , NON-SMOKER
32 years

Closing Volume

EXPIRED ARGON CONCENTRATION

ne EXPIRED VOLUME . " ORY

Figure 6.1. Top, relationship between Argon concentration in expired
air and expired volume following an inspiratory vital capacity .
(vC) maneuver during which a bolus of Argon was inhaled at residual
volume (RV), in a seated nonsmoker thirty-two years of age. The -
plateau (phase III) shows a small gradual rise with well marked
. cardiogenic oscillations followed by a steeper rise with reduced -
‘ oscillations (phase IV), Arrow indicates "closing volume,” .
which in this subject amounted to 9.6 per cent of his vital capacity.
Bottom, as on top, in a seated smoker thirty-three years of age,
fn whom conventional lung function data disclosed abnormalities.
Note that in this patient the slope of the "alveolar plateau" fis.
v : very steep, indicating gross abnormalities of ventilation dis-
. tribution. The "closing volume” in this subject could not be
determined, From [102]. .
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- | Normal subject Y.Db Ja ¥
REFORE

Asthmatic 1V 46 Yrs

ARGON CONCENTRATION

—y
ne RV TIC W
VOLUME VOLUME

Figure 6.2. Re]ationship\ between argon concentration inmexpired air

and expired volumes after an inspiraztory maneuver during which a
bolus of argon was inhaled at residual volume (RV). The upper
Teft panel depicts the expired argon concentration record in a
normal subject. Middle left panel is an example of a rising
expived argon record. Lower left panel shows a quantitative
abnormality, i.e., closing volume is occurring early in the
expired vital capacity maneuver. The lower 2 panels on-the right —
1l1lustrate normalization of the traces after inhalation of aerosol
isoproterenol. In the normal subject (upper right panel),
isoproterenol produced accentuation of the cardiogenic oscillations
and a steeper Phase IV. Arrows indicate beginning of closing
volume (CV). From [101]. ‘ :
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" : "*XENON CLOSING VOLUME TRACING | |
300, i
P l !
b3 , i
3 . ! K )
Mye !
counis - ¢
/“’ rd »
03sec -
{ |
;- u :
M ‘ !
R i
: 3 .
|
[
|
. - o -..\‘.‘_M"\?a
' ) v
. ne Volume S R

‘Figure 6.3. Volume is represented on thefabscissa; from Residual
Yolume on the right side to Total Lung Capacity on the left side.
. On the ordinate, is Xenon concentration measured at the mouth.
’ Also represented on that tracing are thg four subdivisions or
' stages that occurred when Xenon was monitored at the mouth and
plotted against simul taneously expired volume froontal Lung
Capacity to residual volume. The arrow represents enset of
Phase IV or the point of closing volume. From [99 ]..
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. Figure 6.4, Examples of types of curves with which a campu\ter\program
has difficulty. The dip inlthe N, concentration is interpreted
as a.cardiogenic and closing volufe is underestimated. The step ,

increase in N, concentratiod in the lower trace is Ynterpreted
incorrectly a

‘the onset of ‘closing volume. From [ 34].
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Figuré 6.5.

Portion of "closing volume" tracing

_ crossing of the data curve and the computer-fitted line is
indicated by the light arrow.

departure" to the human eye is indicated by the dark arrow h

A Published Curve [ 61]

5 4 3 2
VOLUME,LITRES

Fram [ 61 ].

X

—

4

b

ustrating the Difficulty of
Adequater Autom&tfng the Analydis of the 5B Washout Procedure.

A more acceptable "point of

i
wo )
“
! {
S
.
%
3
30
RY * .
' {
’ ‘
xr
N
The final point of
LY




Mo”3 e 4 b
-

o

.cases similar to those previously constgergd intractable [61,34,169]

. with a properly constructed double-blind manual analysis is underway

4l

.
a ‘ ’ 4 B s i

.
-
¢

to determine their juncture. The algorithm successfully analyses .

for a machine. A detailed quantitative comparison of these results ’

127 1. while there is good qualitative agreement between the algorithm's
ﬁerfbrmancg'and the visual analysis of these curves, there are many
problems inherent in the quantitative analysis of these results.

Tﬁgﬁe problems will be discussed in detail in Chapter Seven of this

thesis.
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EHAPTER SEVEN

7.1 A SURFEIT OF PROTOCOLS

a

The results of various computer programs developed for the
;onsistent automated determination of CV'have demonstrated [ 33 ,161,
169] the insufficiency of the methodology [151] published for it$
evaluation by the Uni%ed States National Heart and Lung Institute
(NHLI).

Guy et al. [61] found thaf while their computer program was
capablé-of fitting a line to phase III that 'few would fault' their

#algorithm's 1iteral use of the standardized criteria [151 for the deter-
mination of CV produced estjmates that systematically differed fron(
'those made by trained experts. They suggested that thelbuman observer
may*ideﬁtify the phase III-IV junction in accordance with more
flexible criteria than those published by the NHLI. The pr;tocol
distributed by the NHLI advocates determining the slope of phase III
from the latter 70% of the phase III data while estimating "the onset
of phaée IV from data observed only in the latter half of phase III.
This methodold;} has been successfully applied only in the analysis

of 'easy to read' SBN2 chves. Computer programs, written in strict

1

' accordance with the 1973 guidelines, are simply incapaQ]e of satis-

factorily determining CV in 'more difficult .to read' cases.

Various autkors [ 33, 34, 61,169,153] have reported simple

modifi;ations of the 1973 protocol which have attempted to improve the
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results of their programs' calculations of CV. These modificatiens

essentially involve running 1inear'regression analyses on data contained
\

within an interval other than 'the latter half of phase III' as the’
NHLI guidelines specify.
Such technical changes in proceduré can markedly affect computed

estimates of CV and the calculated slope of Phase II§.ufHowever,

“while such estimates are different, they are in no better agreement

with the manual interpretation of.the data [6] ]. -
As such it is not surprising but rather unfortunate that,'sfnce
[ 4
1973, five new sets of criteria for the determination of CV have

appeared in the literature [126]. In fact, the initial difficulties

-surrounding the delineations of the phase III and IV segments of the

SBN2 curye ;re now compoudided bx the numerous partially effective

methods that have been advocated for the determination of CV.

7.2 The NHLI Protocol

- It is surpéfétng that in the face of these difficulties, the very

definition and suggested methodology of CV published by the NHLI

has nefther been critically reviewed nor criticized. -
Upon consideration it may easily be arqued tﬁat a critical

review of the methodology distributed by the NHLI would require a _

committee of exﬁerts to objectively assess the various methodologies

and algorithms available for the ana]ys?s of the SBN, washout curve.

It is true that such a committee would be best suited to the pIerequisite

task of compiling an extensive reference library of carefully recorded
s .

i

o At e et i e i
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and reproducible SBNZ tracings. The manual interpretation of the wide
spectrum of both "hard" and "easy to read" tracings included in this
Tibrary could then be undertaken by a pane[}of experts whase opinions
would be canvassed first individua]ly and then collectively.

The need for such a reference library is pressing in that it 15
futile to attempt a comprehensive comparat{ve study of the alternative
methods and programs available for the analysis of washout data without
sucg a database. At present only two studies [169,34 ] have documented

the results of their program's performance in the analysis of CV on

a sample population not composed of carefully selected, comparatively

"easy-to-read", cases.

Problems inherent in program comparisons are particu1ar1y'bompleﬁ;;—\\;“r,

when the programs in question are developed in an attempt to reduce
the large intra- and inter-observer variance documented in the manual
analysis of the data [33,39]. .

At the moment, the only way to evaluate these different computer
programs is to compare correlation coefficients which attempt to
summarize the resu{ts obtained from applying different algorithms
to d{fferent reference samples with different groups of Feaders. It
is our belief that such an uncontrolled, multifactoral study should
not be undertaken. From the outset, the results of such a comparative
exercise are questionable on so many grounds that they could not help

*

but muddle the task of program comparisons.
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There is an urgent need to establish an eff;ctiv stapdard
protoco!‘for the ;na1ysis of single /breath washout data. It is very
unwise to compare either manual orq utomated CV determinations to
predicted normals and population limits ESiginshed by different
observers applying different protocols [33']. The utili£} of the six
available computer prograﬁs in epidemiological and clinical use {is
severely hampered by this problem in that each algorithm effectively
represents yet another protocol.

7.3 The Definitjon of Closing Volume

While a critical review of the methodology distriéuted by the
NHLI may be difficult,it is certainly easy to constructivé1y criticize
the NHLI's definition of CY on theoretical grounds. This definition
) cansiders CV to be the volume from the onset of phase IV.#0°RV. It
can forcefully be argued, in accordance with the position first taken by
Hamosh and Taveira da Silva (64 ] in 1974, that CV should be calculated
- neither from the onset of phase IV nor the end point of phase III
but rather from the junction point of these two continuou$ phases.

The protocol distributed by the NHLI advocates determining the
onset of phase IV in terms of data oﬁ?@rved‘on1y in the latter half of
phase II1. Even if one adopté the view that such a boundary point
should be used in calculating CV, then surely, in that it is literally
* computed entirely from phase III data, this boundary ppint logically
represents the end point of the phase III interval rather than the onset

of phase IV. If, on the other hand, CV is calculated from the Junction




25

-
[~

150.

v S
of two phases of the washout curve, then it certainly cannot be described

in terms of the data contained in only one of these phases.

7.4 The Calculation of Closing Volume

These appargntlx theoretical difficulties compound further
problems that are immediately encountered when attempting to success-
fully instruct a computer. to analyze the SBN, washout curve in Q
accordance w;th the protocol published hy the NHLI.

The suggested methodology for detenﬁining the onset of phase IV
is so qualitative that upon writing a computer program for the deter-
mination of CV one is forced to establish at least on? ad hoc quantitatiQe

threshold which must be used to determine what is a significant ‘

‘departure from the observed phase III data. Such fixed threshold

criteria when inéorporated into utility programs for the routine
evalugtion of SBN2 tracings limit their ;ccuraCy and }eliab111ty

[ 34,165361;42,139]. Such simple methods have shown themselves to be
sensitive to cardiogenic oscillations [ﬂg?], non-1inear ar multi-
sloped alveolar plateaus [169], the size of both tﬁe Ve, (34 ,69]
and alveolar plateau [169] and sudden steps in nitrogen concentration
[3% ]J. These difficulties have not been reported by other aiuthors
[61,33] of similar algorithms.

4

Even the simple task of segmenting the latter half of phase III

for further analysis forces one to define what 18 Yo be considered

either as the onset of phase III, the end of phase 11, or the phase II-*

II1 juncture [169]. -
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Anatomomical Dead Space Calculations . 4
The Vp calculations have been described as hardly worth '
anat >~

human effort, but of use when computed by machfne [ 61 ]. Besides
being essential in the accurate calculation of the single breath

TLC, VDaﬁat may bg uséd as an index of change in large airway caliber
[46]. Fortunately,in that the classi& methodology described by Aitken ‘
and Clark-Kenned} t 2 ] for the determination of vDanat is e;Blicit,
it is a comparatively easy matter to successfully apply numerical
technigues to its literal 9eterminatibn.

Our non-linear program's main numerical aigorithm. Al, is ideally
suited to the task of determining the slope of the alveolar plateau
used in the vDanat calculations. This program calcu]ateg:;;:; 5‘9??_
from that portion of the phase III segmen%*cgntained within the

ﬁ\fn1t1a1 half of the VCE. When appPying Al to this data segment, the

program deletes from the data the initial part of ﬁhasg IT which

contained N2 concentration values which were less than 5%. The

arbitrary thresho?dhzalue of 5% has little e?TEct‘on.;he estimate of

the phase IIl slope used in. the vDanat calhul&tﬁons. Because the mid-

-

>portion of the phase II segment is‘relatively linear, any arbitrary
¥ Q, .

®

threshold vé1ue that succeeds in isolating the cdnvex foot oﬁvthe
sigmojdal phasé II curve from our data would suffice.

The decisfon to estimate the slope of the alveolar plateau, 4

used in the Vp calculations, from data contained in the firsi

anat - \ .
half of the VC. is both arbitrary and important. Bouhuys [11 ] has
8 :
o ' 3

*
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’ Clark Kennedy [ 2]. Thisi means that these calculatiohs are Hess

o forward { 61].the physiologjcal va'lidity of either approach in the

" 5§l€u1ation of,aaatomi;ﬂ dead space remai

152.

»

po!ht_ed out that single breaf;h'procedures‘ for the estimatiom of dead *

‘?pace vplume are particularlgsensitive to the\method's est¥mation of
FAN | In that the VD ca]cMations involve u{e 1inear extrapo1ation

of phase 111 data, ,ug-\have chosen to perform, this gxtrapolation from

2 smaHer data segment than that originally praposeci by ‘Aitken and . |

‘sensitivg to.any non-‘Hnearities in the phase III data whﬂe utihzing
the me/j;hod of 1east squares to €stimate the slope °§/ the initial

>

portion of the alveolar plateau. The VD nat calculations are thus

M v

Ynade on the basis of an extrapolation that fa\1thquy ref%s»the ,

[
phas}*III datq conta1ned within the fi‘r}st half of the VCE

© This methodofogy differs from that developed by Fowler [}9].
Fowler's calculatfon ofl\lg",n t involves the extrapolaiipn of a 1ine pf,

zero slope from the estimated value of FANZ FANZ\ is taken to equal
>
the N2 concentratioﬁ at the transition point between the second and

thircL pha~se of the‘.record While t\ese calculations are straight-

>

ns a philosophical: quest.(ion S
[ 46]. { . o
7.5 the Role of Modeling in the Recognition of Closing Volume
. In general,"hard to .read"
o
a'dmirab}y by human observers that some researchers [61 ] have attributed

§§!N tracings are interpreted SO .

P

the difficulties they observed 17 deveTopmg a retiable adgor%thm

*\for the analysis of the SBN tracing to the comp1 exity.of the pattern
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recognition task involveéd in assessing CV. L
éuy et al. [61] found that the human observer, when estimting

the slope of the alveolar plateau by _eve, tends to weigh the points

-
near the curveﬂ's inftection to a valtying extent.

While recognizing the
Inon-h’near na'ture of this problem they were unable to re-define the
onset of phase IV in a manner that woyld a#igment the agreemeni they ‘o
dbserved between their"resulits and those obtained from the maftlual
#valuation of “hard to Tead" curves.

Our work would suggest that the problems involved in developing .

an accurate an‘d reh’a%le prc;gram for the automatic determination of CV

are inherent in its definition and standardized methodology. Neither

" are sufficient ‘Xfor the rigorous routine analysis of the SBNZ curve. -
We would suggest that it is the phase III-1V junction point,in

con,)unction with slape estimates, which best deﬁ:ribe in a mathematical

and p.hysiological sense the latter half of the SBN.2 curve in normal

reference samples, - .

76 Our Model's Assumptions. Performance and Limitations
The theoretical approach that we have/taken in this thesis makes

no attempt to model from,first prinfipleg, the complex physiologécal J

' prdcesses underlymg the observed rejationship of gas concentration [25,24,

30,32] to.lung volume described by th SBN, washout data. Rather we have -~

... adopted a simple model wh1ch attempts to descmbe the nitrogen

L]

concentmtion observed throughout phase IV and the latter half of phase

>

-
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If% as two intersecting 1linear func;ions of lung volume. ‘Our work
* ?
sugdests that in evaluating the juncture of these two phases it is

» -

& necessary to give equal consideration to both phase III and phase IV
e " data. /“' ‘
- This approach is empirical and its ligitations "are many. It
should be adequate for practical use in epidem%io]ogicﬂ studies and

screening programs aimed at the early detection and assessment of small -

* ¥

7

airway disease. |
Thii model does not offer a‘n adequate description of the SBN2 T
washout data observed in cases of-more complex gas dynamics concomitant'
with advanced patho-physiology. \Xndiwdua]s who exhl bit a gross1y
K . non-1inear alveolar plateau or phase I\V segment cannot be adequate]y
) chaiactemzed in terms of such a simple model's pa.ramet)ers. As such,
thei algorithms |that we have presented in this thesis will be as

inadequate in this regard as any other,based ‘'on the assumption of gas

_concentration effects which are linearly dependent on lung volume

’ \re‘g‘ar‘dless of the' state of pulmonary impairment.

-~

( "The non-1inear 1east squares algorjthm that we hay€ described.

/
in this thesis provwdes estimates of lung functmn which appear &Lbe

\,./‘".,’ Y

insensitive to card;ogemc oscillation the Tung volume at whfch the

. < , ’ o a5
-~ phase I11-1V junction occurs and the gize of both VC. and the alvéolar

plateau. This non-1inear procedure is a mpdifficatign of ah earlier
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1.7 Reﬁ'm‘ng our” Model

It should prove possible to account for the effects of variztion
in é&piratory flow on edsjmates of this model's parameters in terms of
a further mgdification to the method we have described in Chapter

A

Three. Such a modification would thereby reduce the necessity for:
»

t

striwn; contrpl on sxpiratory flow rate during the test.
We could revise the ‘present model's form by incdrporating

quadratic, rather than 1inear, approxin]atig'_ns of the phase III and IV -

components of the SBN‘2 curve. Such a major revision would greatly

improve the model's ufih‘ty in characterizing multi-sloped, Inon-

1inear, alveolar plateaus. However it is our opinion that any major

rev1sion of the model's form should only be undertaken 1n cpn;unctkm

with the deve]opment of. a mathematical model of the physiological

processes underlying the empirical data. )
- »

-

X' From the brief overview of the system, presented in the first

three chapters of this thesis, one may begin to appreciate the scopes

4

of such an undertaking.
‘ ' e -
7.8 A Mandate to Formalize an Official Protocol .

1
r

Considering the seriousness of the shortcomings we have described
it would seem apq‘op‘n'ﬂiate for the National Heart 'a'nd“Lgmg. Institufe S
to establigh&a;cbmmi‘ttee'tb reviéw and.refine ?he protocol [151]’
At has distributed since 1973.

I fragreement can’be reached o.n‘ a universaﬁy acceptable protocol

gor CV dgﬁerqinations that can:be rigidly appTied to at Teast normal ‘ '
T et N
! o .

» . d
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. reference samples,then it would be a simple matter to develop an 4

-

official, reliable, computer program for the pr‘otoéo] 's implementation.
Widespread distribution of a such a computer pro\gramv for the analysis

of single breath washout data could effectively dispell mych of
skepticism surrounding the reliability pf CV analysis [ 33].

gMost of the algorithms published for CV determination have .

treated their task with expedience, taking little note of other L e

available algorithms or the proliferation of_presen%z used pr-otocols."
To date on1y‘on§. author [169l has even cited tﬁe existence of another J,
a]gqrj thn available for the determiftion of CV ‘and he did so in the
addendum to his paper! o

V' It is of some importancé tha‘t the NHLI or sw\other o}'g’anization
aj sui:ca}ﬂe authority stu&ies and finally adopts an official position
on the protocol to be used in determining CV. For without careful
study an‘d the subsequent adoption of an acceptable protocol or the
determination ‘of\CV, the g%%d proliferation of different a'lgjé)rithms
for the analysis of single breath washout date\z c’ou1d not help but
eroduce fur;:her 9§epticism over the reliabﬂit‘y of such analyses.
This task is of pressing importance in that recent research [134]

has finally shown that small airway pathology is related to increasing '

closing capacity in excised human Tungs. This study also demonstrated

. e
a correlation between small airway pathology and an abnormal slopg&
of the phase III segment of the SBN, curve. Furthermore, once an
.
\official protocol has been adopted it should be made imperative for ‘
» ey

]
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4

résearchers to report further stud‘iesjwhich involve CV measurements
in accordance with this protocol #s well as any other they méy have
devised or adopted.
7.9 Consideration of Cost, Complexity and Reliability

A refined protocol would undpubtedly increase the compfexit‘y
of the algorithms used in the analysis of single breath washout data.
However cotputational complexlity anud its associated cost cease to be
of even the minor importance given them by Cramér [33/] when algorithms
similar to the ones described in this thesis can be hancﬂed‘by small, )
cheap microprocessors .
~ An ideal system would incorporate a micro‘m‘aé'ssor driven plotter
which would enable the results of a suitable numerical analysis
of the SBﬁ}ﬁiata to be immediately supérimposed on the raw data
obtained from the spirometer. Such a sy\s‘,tem would not only speed the
processing of .test ré“%dns, but would allow the technician to immediately
spot any unusuall patterns involving step-jump in nitrogen concentration,
[H?N\a multi-sloped alveolar p]ateau or artifact. 4

A simplified version of the non- linear a]gomthm described in
this thes1s has been }mplemented on a M6809 m1croprocessor []70]

This implementation provides an adequate
analysis of the SBN2 curve but has a turnabout time of over forty-five
minutes. due to the use of virtual arrays in interpreted Basic with a
slow dz’skﬁ syst‘em. It should _be soon poss‘{gle to provide the clinician
with a fmicroproces'sor for the on-line analysis of these curves based
on refinements to the non-linear algorithm presented in this thesis.

i

. o
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Even simpler 1nteractivevsystems in which th; technician can immediately

,’ spot difficulties saves time for both the laboratory and the subject.
and e]iminaxeSAthe error involved in hand calculation {33 ,34].
a « : [ 4
Such a system is reat use in epidimiological studies where the
volume of dath makes the time required for manual interpretation and
[}
statjstical analysis of the curves almost prohibitive 34 ,35].
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A MATHEMATICAL ANALYSIS OF THE SINGLE BREATH CAS WASHOUT
CURVE . .

P

Leung, K.V., O'Mara, K.

Department of Computer Science, Concordia University,
Montreal, Quebec, Canada. p

In: F. Denoth (Ed.). Digest of Papersg‘FirstuMediterranean
- ' Conference on Medical and Biological Engineerihg,
“Sorrento. [Napoli), ITALY. Sept. 1977, p. 6.25-6.28.
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4 ’ .- INTRODUCTION . S ' K
G . \ '
. : In 1967 Dollfuss,'Milic—Emili,& Bates first described

) 133 -

S ’ a method, using xenon as a tracetr gas, for determining

the "lung volume at the onset of clospré, or closing volume
(CV);”in gravitati§péllyVdependent airvays [5]. Since then
other inerfygases‘Such‘as helium and nftrogeh have been
A ' used in e#tensive-studiés of closing volume measurements
[é], £heir.reproduci5ility [1] {11] @nd diagnostic use
[{3] [15] in health and disease. 4
‘ . The'clpsing volume test is of clinical interest in
i that it EB an easily,performed; non—inv&sive méasurement‘ ‘ )
relatéd to small airway function. 'As such it has been
roposed as a simple sensitive test fo;‘the detection and
assessment of gaily obstructive lung dise;se (91 [ld].
While this test haé.been_shown'to be well-suited to

use in a respiratory disease screening program, the prog-

. . = . ; . . < Lt ’
nostic implications of an increased closing volume are not

M A SR

L yet known Ile. In fact, while the closing volume test ) o

may. be considerably more€ sensitive than any other single

r
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test of small airway function, it iglnot yet known if

ihaividqals with abnormally large closing volumes will

‘eventually manifest irreversible airway obstruction [h] {13].

A major difficulty in the application of the single
breath gas washdﬁzﬁgésts to ;he clinical evaluation of
luﬁg function is that vﬁgpal éxamination ié’g very subjec-
tive‘methqd,for determining the onset of girway closure {8]"
[11}. Mére reliable techniques involving the mathematical
analysis of these curves.§re essential for the quantitativé
revaluation of'qlasing volumes in the study of small airway
function [6]. . '

In this paper we outline the development of a numerical
technique giving an ;ptiﬁal least squares estimate vf the
slopes of the phasé‘III, alveolarigﬂaﬁeua, and phase IV
component of single breath gas washout curées.

The best broken line fit of the phase III and phase IV
components of. the gaé Jashoué curves is then used to |
‘determine the point of onset of small/aigﬁay closure.

a

METHOD & THEORY

The single breath nitrogen washout éurve shown in
‘ Figq. I will be considered for our purposes to be a
tabulated function of N dlSCI&E? observations of nitrogen

concentratlon, Y , at a given lung volume, xn:(xl,Yl),

b .‘ , ) N ) . ,
(x,,Y,) 004, (xN;XN) » wWith X, € %, < aooy S %Koo,

. €

s Lot kg




We wish to estimate the nitrogen concentration at any
lung volume within the domain specified by the phase IIT -

and phase IV components of the gas washout curve as:
- .

1

m_»c+ri-a§ if a <

A
»
A

£,

.,b
b,
@ » d

Y = 4
Bx + n -8 if ¢

iA
<
A

. where o, B are the slopes of the phase III and phase IV
segments of the washéut curve, a and ‘ b are th;e boundary .
points of the experimental data, and n and §& ‘specify
the nitrogen gas concentration -and l\ing—vo—l-umq components

14

at.the onset of closing volux;ie.
In order to obtain optimal e§ﬁ“{mates of the slopes j

of the phase III' and phase IV components of single breath

'cjas 'washout curves and the poin‘t of onset of closiné v:olume, : g

we wish to de'termine ,th?‘partameters a,B,E,n 8o as to '

reduce their sum of squares of errors, F}a B, E,n),

Es & ¢
»%o a minimum. The sum of squards of errors [, for a

Sk T 2 ¢ DA 2 et o -

give% set of parameters, a‘; g, &, n, may be calculated

s as: A - T ' w ;
b . : ¥ ' . B} p
. . y
3 - A N ' ' .
® I‘(a.B.EM:chYn) = { [Y(G'B.E.mxn)_- Ynlz , ..
n=1 , . : .
- 7 I{: . ) , leq ‘ R . 27 ,
: = fax  + n = af - Y ]° + ~Bx_ +n - BE - Y 1%, «£(1)
- . pEp B n neg. m oo
- - - n r ’ J

with K dependent o_n' E such that "K'f. £ _<_-xK+1 .




o~ T

¥ J
« $, "
A o .
, \
- \ |
f" ] / b4 . r
. .
Lhe set of parameters, a ,8,E& ,n, that reduce '
. .\ \m
7 (1) to a pinimum are a solution of the following 4
equations which are thainéd by equating each of four (
. ! / RN, ) ) !
~ partial derivatives 01'3; (1) yith respect-to trlese_paramters *
to zero: ' ) L
. : -~ .“ -
P Tk |
———P(a,B.E,n. ) = ) [(x ~€)a+n-Y ][x - (2)
2 a(! %"1

-

N 7 a
13 ; - ‘ - - - =
fé—gr(a,B:E,n,xn,Xn) = n=lz(+]_{‘(xn E)6+n Yn; [Xn‘ 'E] Q/,‘(3
1-—8—T(cx B, &, nix Y, )= IZ< [(x, -E)a+n-—Y 1+ IZ‘ [ (x -E) B4n=Y l=0.-
Zan n=1 =x+1/f“ -n
“ (4)' »
13 ' % | | N S
. -2--5—51" (a,?rﬁ,mxn.Yn)'F néla{a(xn‘g)'ﬁ "'Yn] +n=§+“18(§(xn"€)+nzyn) .
' C = =0, L sy
Solving (2) and (3) for .a‘ and 8, X:n terms of i
£ and 1n, we obtain: - - ' T
’ L - _ k() u(E) = EX(E) s )
a {QLEIP) g Q(E) + Q‘(E) ’ ] ] (6) X
= - _8(&) (B =’u(E)]. ~ E[A - A(g)]
B = BL{g,nd -‘ T(E) + ‘ ) - ’ > (7)/
Yy oo
here ’

/
-_" A“ZY\ B—ixv ‘Pu:)—Z(x -£) , 0(8) = Z(x~£)x&~/

n ‘ n=1 n=1 n=1. ®
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generate a sequence of £ that may converge to the zeros \\c
- ‘ *
.. of (9) by usirg the iterative formgla: . A
: L IE'S ¥ ) '
s ' - ’
o . . . \

r 4; F
) ™ A‘54 . 11
A » N N
N d N K
s(g) = (x_-£), T(&)= (x_=2)2, x(&)="Y§ Y
n=!§+1 1:1 : : n=2:(+l n -'2-'1 n
' ‘ ~ . 1
. ,K’ ) R ] :
we) = ehx % ;
-~ & . nzl'_n n - e ’
. - ' ’ ;
with K = K(£) such that - -
k_ < , ' xk hl 2 f. xK+1 * i ..
Eliminating o And B . from (4), we get n iin
termgéo £ only; ’ | ;
.1 ' “ v\v ‘ H ' ‘
o S (E) - EA(E) ] + SR S eA+ EA - ul =R o)
n=nlg) == — =
}; [p(£)1% , IS(8)1% _ - ,
' TQ€e)12  [T(E)12 v
's ‘ ’ ]
- Hence from (6) and (7)\\& ana 8 become functiéps of '
E ogly, and (5) may be rewritten as follows:
.. v Y, . | - )
@(alE),B(E),E,M(E), %, ¥ ) & o’P(E) % B7S(E) | .oe

[

+ {K(E)a % [N - K(E)1B} ~ ar(£) - BIA % A(E)] =0 . (9)

3

“-*r "} te ~ '\
* The zeros of (9) may then be,obtained by an iterative
S ’

algofithm emp10yin§ the variable secant method. This ‘ _

method uses two arbitrarily <hosen values of § to .

Rt WG . e 3T B, I By ol i TR A S A



nd

o i
- » “ §
! A ‘ . o .o A-6.
- g ,
'Er+1_= S - p(E ) = o(E__ =&y

1

The zero of (9) that reduces the sum of squares of
errors T‘i,B,E,n,anh) ’ to a global min{mum optimally
spacifﬁps-the value Pf' £ at_the point of onset of
airway q%g?ure. .
RESULTS

Starting from either end of tﬁe sdngle~bréath -
nitrogen washout curve shown in Fig. I it took our
.algorithm 11 iterations to converge to two°es£imate$ of
closing volume that were in agreement to within 1%
of the vital_éhpaci;y.

N
‘

The method outlined herifprovides numerically
P4 . N

optimal estimates of onset o% airway closure and is

wr s
¢« insensitive to the gross®cardiogenic oscillations which

can hamper the evaluation of closing volume curves. -
The Sﬁjective numerical evalmation, provided by-
L]
this method, should enhance the application and accept-

ability of closifg volume determinations in epidemio-

"logical and.clinical studies of small airway functions,
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As part of a cont'lnuing effort to provi de the pulmonary biomedica'l communi:
with topical reports; the Division of Lung Diseases is distributing the
following protocol for closing volume measurements, prepared by Drs in--
Richard Martin and Peter Mackiem in collaboration ‘with other 1nvestigator<
participating in a Diviston of Lung Diseases contract program on the ear] y
diagnos1s of chronic airways obstruction. :

Representing the results of an effort to develop a corkmon methodo]ogy for,

‘th Ssper ormance and interpretation of closing volume tests, these proced-

ur developed as part of ‘a milti-center, collaborative epidemiologic
tudy of the reliability, reproducibility, sensitivity and possible long- |

.term significance of closing volume abnormality. While they do not repre- ~
sent the -only method of closing volume measurement nor do they reflect any

‘official position of the National Heart and Lung Institute, {t is hoped

that this suggested protocol will provide a useful basis for any investi-

gators contemplating studies of this physio‘logm measurement using the
1nitlr'agen method. . .
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" record. For other investigators, the choice between this method and various

- ¢ >

A}

I.. introduction

L] N T -

In September 1971, thé Divigion of Lung Diseases spbnsored an Epidemioloqy
Workshop which reviewed the Division's grant and contract programs dealing

" with pulmonary disease epidemiology and made recommendations fa new pro-

gram initfatives. Representing expertise in epidemiology both ‘from this
country and abroad, the consultants at-the workshop placed highest priority
on reconmendations for new research programs focusing on methods of early
detection as a first step towards documenting the natural history of chronic
lung disease in populations, and ultimately as an approach to prevention.

-

. - ‘ R N e
The Diyision acted upon this recommendation with the issuance of a request
for contract proposals (RFP) in February of 1972. The RFP focused on issues
of major importance to national health: chronic obstructiveé lung diseases,
smoking, and early diagnosis as a step towards documenting possible rever-
sibi1ity. 1t was hoped that the contract mechanism would provide a useful
aid to collaboration between institutions engaged in this type of study.

Four contracts were awarded under this program in September 1972 (see: =™
Appendix A) after an extensive scientific review by an ad hoc review . .-
committee of g:eer scientists. All four institutions are studying physio-
logic abnormalities of peripheral or small airways as an early, and possibly

* reversible, manifestation of chronic obstructive lung disease. -Various

physiologic measurements may reflect dysfunction in this region of the
lung, including the determination of closing volume. One grosf~{Rancho Los
Amigos) is developing a new type of apparatus for making this measurement, '
using boluses of methane and is applying it to a well-defined population

of smokers and nonsmokers. Three other institutions (McGill University,
University of Oregon, and University of Manitoba) are part of an
investigator-initiated collaboration which seeks to demonstrate: 1) the
usefulness of the measurement of closing volume as a simpTe ré¥iable ,
screening test for detecting obstruction in small airways; 2) the prevalence
of small airways obstruction at a stage when other routine tests -of lung
function are not clearly abnormal; and 3) the natural history of this
abnormality and how it may be modified by the cessation of smoking.

The following methodology represents an effort by the latter three :
institutions to develop a standardized procedure for administering and -

reading closi nqlume curves.,

. .. X
For their collaborative, epidemiologic study the investigators chose to _ .4,
use the nitrogen method of closing volume determinations (i.e., resident
nitrogen as the test qas; vital capacity.of pure oxygen}. Factors influ-
encing "this choice included: portabi]it_y%f equipment; relative procedural
simplicity compared to other technigues; the fact that all centers had some
field survey experience with this method; and the possibility of also obtain-
ing a measure of total lung capacity from the closing volume single breath

bolus technigues will largely depend on the setting and goals of individual );

studi;s. \ \ , R \ L E
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SRS A, Equfpment (see Figure 1)" TR

In p1lot studies thus far, th1s nitrogen method protocol has been found

to be reliable, reprogucible and simple enough to be directed comp]eteiy
by trained techn1c1ans.

!I. Suggested Nitrogen Method Clos1ng Vo1ume Protoco1\,. s
\ ’_L_ »! TS \3\"_‘&- c— c PE N —: Ve N '--.A“i‘: LR Y s Y FP N

e s b ee -~ .. ez

(L

The numbers’ (#) correspond to those in the equipment schematic, - :
figure | . . 'S S
Mouthpiece (not of d1x1e“cup t)pe) port for the nitrogen
meter, e specific pitrogen ana]yzer has not yet been

chosen but possibilities 1nc1ude. "

a. Med-Science 505-B
b. CPI Linear Model 410
c. Hew?ett Packard 47302A

Output of the nitrogen analyzer activates one Y axis of
_an XYY recorder.‘ ; 8 )

2. Galvanometer attached to the output of the amplified . ...,
) pneymotachygraph signal. This galvanometer should be ", TN
calibrated so that mid-range is equal to 0.5 Ips. "It'is . ’
‘used to help the subject control his exp1red flow rate N

3. #5 Standard 3-way tap (e.g., Collins)

4. Breathiné;va1ve Poss1b111t1es include:

The standard Hans Rudo1ph valve has'aQVery small dead space .

} . but does offer some resistance which will damp peak flow.

transcribed _ - T
~ ’ B T T T ) .
A modified Otis-McKerrow valve with negTigible resistance,' very -
small opening pressure (even when parts are wet) and a reasonab1y'
- Tow deag‘space A stz e

q . However, the rest of the ﬂow vo1ume curve should be accnﬂately

]

o Note° A P-312 Lloyd valve is not recommended due to n1oh ooEning‘

pressure requ1rements and problems with stlckxng of the valve flaps

5 Three-way valve to allow the subaect to exhale thraugb'the
resistance during c]os1ng volume measurements or through no
resistance for maximum expiratory rates.

L : .
# 3

“.
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ot 6., Alinear resistance (approximately 12 cm H,0/1ps) to assist control

of expiratory flow during closing volume maneu¥ers.

7. Fleisch #3 pneumotachygraph. Thg screen should be heated as it
» s in the expired Tine where condensation could be a major problem:
. . A #3 pneumotachygraph was chosen rather than a #4 because of a”. .>=
e ¢+ Dbetter signal/noise ratio at very low flow rates.”. (Peak expira-
- tory flows will not be accurately recorded, but it is doubtful _
. that the frequency response of the XYY recorder would be adequate
_to record them accurately anyway)a T

LY S

P T - , . .2 -

8. Sanborn differential transducer #270 coupled to a pneumotachygraph
and amplified by a Sanboxn 8805-A carrier preamplifier, Two

parallel outputs will be teken; one for the galvamometér in front

. of the subject and one to activate one of the Y axes of the recorder.

b Va¥dyne differential pressure transducer Model MP45 or DP15 and-

sl trar$ducer indicator Model CD12 could be, used in place of the
equivalent Sanborn Transducer and Carr@?r preamplifier.

: 9. Th?eeiﬁgyﬁ§;1vé, without its stopping pin'to allow connection between
box and spirometer; box and atmosphere or spirometer]and atmosphere..

« I . . e . ¥ . PR RN R ..-'r."
10. 9-liter spirometer, with a potentiometer to generate an electrical -’
. o © signal that will activate the common X axis of the XYY recorder.

<

1. 35 liter box. D

12, 30'i¥fgf'rubbéf bag. The bag filled with pure oxygen is the *
"~ only place from wnich the subject can inhale when valve #3 is
' turned and he is in the circuide

~ REE i S
13. Oxygen supply. o ' T x
© 14, Recofde?. Honejwelfaﬂﬂso XY1Y2 recorder allowing for'sihultanepus .
¢ _reqorai ng of the flow volume curve and the Ny volume curve. "

Op;'cgn a}so'use Hewlett Packard XY, Yz‘fgcdrder No.,7046;ﬁ:.mgrf

For all intents and purposes, these two machines are identical in
accuracy on the XY; Y, as regard to linearity; répeatability and
FS accuracy. The choice between these two types of recorder should
be made on the availability of service in the &rea. . ...~ . s-zi.:

AN G o epn RS SR -
Z IR

Optional‘Modffications%ga; o : . ' Serepdl T

& "4 . . . ¥
. . A waterleséfgpirometer (wedge Med-Sci; rqlling seal - CPI) «
.g?y be subs8ituted for the pneumotachyaraph, Sant®rn 270
(:// ~ Jransducer and Collins: Spirometer, -

o +

Al

» . An electrical integrator which measures the area under

o
~_the Ny - volume curve can bg added.
g, 2 TS B * S
» . : . N
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B.” * Calibration
1. Twice daily Ce
. . Balancing of the transducer
2. Daily . ‘ : |
//’“ Lo i yolume talibration with a known standard over 2 5 liter range

: . o .. Njtrogen meter With 2 points, i.e., 0 and 80% Nz dry gas
/ Ter o, ‘Pneumotachygragh with e}ectr‘ica'l calibration signal

[ANEY [
e v

— e -

- - . v

- 3. Weekly 7 -0 ITo- el A .
. . , -~ . Nitrogen meter with concentrations of 0, 5, 10, 20, 50, 80%,
T N - all dry Ny from either tonometered or calibrated tanks. With
sufficiént experience, monthly calibrations may prove adequate.

’ - 4. Every 3 months

AN ’ . Pneumotachygraph calibration ‘check with rotameters ovér
fTow rénge of % to 0.8 1ps. - ¥
£ . Spirometer calibrations check o/vervn-hxme range 0-9 liters.

C. Pmcedu‘re‘«_ LRl ¥ T R . .

(A11 numbers in bérentheses‘réfef to equipment schematic, figure 1).

T el m v L )

- " - te on , N R LR

10 Nitrogen washout of the circuit S -

~ At the beginning of the day, with valve (3) in the‘m'ﬁthitoaair,

.. -position and valve (9) in the box-to-air position, Oy $hould be
s ¢ . .... . flushed jnto the bag and gas allowed to evacuate freely at valve (9)
S +¥ - ~s0 that nitrogen is washed out, of circuit between the 07 bag &nd

o~ _'valve (4).: From then on there should be no contamination of that
.. part of the circuit during the day. : q

.- s e

2. _Preb&étion for each test : " ) 7
The-bag (12) is filled with oxygen (13). Valve (9) is then turhed

to connect the-spirometer (10) to air and the bell is raised to

. .approximately 80% of its capacity. Valve (9) is then turped to
. ... _connect_the spirometer to the box (11). : ‘

~

‘ a . . SR - . B
. . ) 3. Performance of the test '
- R Y "

... The subject comes onto the mouthpiece (1) with valve (3) turned
+2% so that he is breathing room air. After'a few quiet breaths, the

- % $727 subject- takes two deep breaths ‘and exhales to resid®al volume.
on " =" he approaches RV, the tap (3) is turned connecting him with the A{}
T circuit and Fpy, is measured. The operator urges the subject to

- . breathe .out until the volume tracing shows no further changes. At

” ébis point, he-inspires a vital capacity breath of pure 07 from the

. ag and, without breath-holding, he expires a second time to resid-
@ : ual volume, Tap (3) is then turned so that the subject breathes

room dir again. The subject monitors expiratory flow rates through

» . . ' )
B} o,
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M v

the vo]tage output display (2) of the transducer (8) connected
. to the pneumotachygraph (7). He is instructed to mamta'in \
*expiratory flow at 0.4 Tps. .

.-.-The operator urges the subject repeatedly at both extremes of
- vital capacity; during exhalation for the measurement, however,
I 1t must be on1_y after the phase IV ae_flectmn hE!.' appearec}

s
R e ok e et S

4. Number of measurements per subJect

-

A minimum of 3 and a maximum of 6 ncasurements are made, The
numbér of measurements is determined by eyeballing cr1ter1a for
acceptance of .the curves (see next sectmn) :

LA g | ,’3-:.}.;,«”"{) R-TT

Complete 02 ‘washout is not necessary between measurements.

T This of course necessitates accurate Fpy, measurements..- However,

_it is advisable to de]ay repeating the test if, during prelimi-
nary phase breathing air, inspiratory and expn‘atory nitrogen
concentratwn differ by more than 53.

— e i e

D ‘Crlterla for Acceptebﬂﬂy of Single Breath Np C'losmg Vo'lume Curves

The fonowing cr'rtena must be met for acceptability; failure to sat1sfy
..any one of these leads to reaectlon of the curve:
”- Y 2ESAsta e e PR )
¢ l,'/ Mean expwratory f‘Iow after the flrst 500 m] is exp1red must equal
or be less, ‘than 0 5 1ps (the subject is instructed to aim for

N g0 Tps) e . ~

egﬁamﬁ@qﬁy;:x~‘t““'»
S 2, Except for the first 500 ml of expiration during closing vo]ume
> £ ‘measurement, expiratory flow transients must not exceed 0.7 Ips.
: Unacceptab]e flow transients are defined as deviation from the
-«nrequn'ed flow wh1ch per51sts durmg expiration of more than 300 ml.

',-—‘\/---f'-“":; *“‘e,-:-'t S vt -

<3 ,Dxfference between 1nsp1red and explred VC must be 1ess than 5%.

;ﬂ,;r“ P‘{f\gjaﬁﬂ—““‘f*’; e Z‘QIWQ# DJE
@ D1fferences in VC between blows must not exceed 10%.

R g .
~cu: FReATAE L

.‘)"

@ There mist not be a step change jn the expired Ny concentration
with continued cardiogenic oscillutions after the step. The
eo., »\i causes ‘of such step changes are ob#cure but are probably not related
to airway-closure. If such curves are accepted the onset of
Phase IV will frequently be read as the volume at which the
step occurs --_j~'~‘-’~~,_-', TR et

- t,
- .

E. Measurements to be Made From Acceptable Curves
Ideally on a'l] subjects 3 acceptable tracings will be obtained.
The mean of .the 3 values of each measurement js taken as the final
value. When only 2 readable tracings are obtained, the mean of the

3
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2 values is used. When only one readable tracing is obtained, the
subject is discarded from the series. Readers must keep a careful
track of the number of individuals with 3, 2, 1 and 0 readable curves.

i

Flgure 2: depicts a sample clos1ng volume tracﬁng

:Iii‘sl"CIOS'insLVo'lume (’W) - 'f

. ,.‘, e . oot
RS B e _--,s--.mq-

The onset ‘of phase IV shou1d be de
ﬂrawn by eye through the Jatte gf phase I111. The point of
*final departure from this e onset of phase IV, In
¢ some subjects there is a sharp drop in N, concentration after’
the onset of phase IV. Occasionally this can intersect the
line drawn through phase IIl. Under these circumstances the
onset- of phase 1V istaken as the first definite point of

fed by the best~f1t Tine

o -i- departure of the N, tracing from the best-fit line. The ,
.. ‘closing volume is %he volume from the onset at phase IV to
4¢ I residual volume (RV). CV is usually egpressed as % of the
' *ff‘uMmdwh1dmdw(W)
2. Closing;papacity (CC) .
: €Closing capac1ty is deflnedJi¥ c1os1ng volume p1us residual
\»ee ' ~-- volume (CV + RV} and is usudMy gxpressed as % of total lung
. T . capacity (TLC). .

- .. . -:.-_ . Q'
‘irot'a'f Liu?fLCaggmtl (TLC) S ‘ ,

. s ;} :.-;.,--’ ‘" A ]
e TLC can be calculated from the alveolar d1]ut1on equation uswng
VENz determined hy p]anlmetry or by electrical integration of the

,..“; area under the s1ng]e breath curve:

o v iR VIF AN" VEN’ Ve VD)
L, T ‘ 'VeN: ’
B E . Ve -Vp

74 Re51dua1 Volume (RV)

e s T '~1.\-" ’ »

e ff'Ry can be derwved by subtract1ng the recorded vital capacity . ~

3from TLC : _"“‘ < ' -
5. SIOpe of‘phase 111

The slope of phase III is determined by the best-fit 11ne between
70% VC and the onset of phase IV.

The analysis of these curves cannot always be made in a tota11y objective

manner., On some curves in particular the onset of, phase IV is difficult to

n . Y.,
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“Figure 2. SAMPLE CLOSING VOLUME TRACE
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determine and when the same reader blindly reads such curves twice, there
.is_not a very good agreement between the two measurerments. This appears to
be dué to differences between individuals, Because when a subject generates
.. :Such a curve, it is likely that all curves that he generates will be
- difficult to analyze. ., On the other hand, if a subject generates a curve
- _which is easy to analyze, in all hkehhood all curves obtained from him
will be easy to analyze. - Obkusly curve readers will have to use good
'.-'Judgement and-they my decide-that some curves, although conforming to the
cri tema of acceptability, are unreadable and therefore must be re;ected
It ;ls 1mposs1b1e at present to estabhqh @ set of rigid rules governing
suc cases A . o E

—_— . — - - . -
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*These ;hree contracts constiﬁzte a colTaborative s‘mgy,c e : . .
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