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') ABSTRACT 

The dynamic distribution of pulmonary vent! lation was 

studied both theoretically and experimentally. The human lungs were 

simul~ted as t\lO compartments ,driven by indepe:,dent cycl ie pleural 

pressures. The distrfbution
i 
of tidal vol\lme depended primarily on the 

regional pressures, bu t dissimilar pressure SWlngs generated 

sequential flovs. Il model of the tracer dynamics ln the lung during a 

breath showed that the ventilation per unit volume ",as proportional to 

\ the time denvative of krypton-81m activ'lty normalized by the activity . /" \ 
\itself,. In gamma camera measurements, the aV,erage Flolt distribution 

\las Independent of frequency and t i dal vol ume, but the f 1 011 per uni t 

volume j,n left lateral decubitus subjects was greater in the dependent 

than '\ the non-dependent lung, and sequent i al fI ows vere ev i dent. 

However, 1 ung 'sound amp 1 i tudes vere' in phase over the dependent and 

non-dependent ,regions, varying as the square of the airflolt at the 

mouth. The frequency composi ti on of the sounds remained constant. 

Thus, nonhomogeneous pleural pressure swings appear to control the 

dynamlc distribution of venti lation. This time-v.arying qUantity can 

be measured using a short-l ived, ~sotope but not directly with lung 

sounds. 
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RESUME 

La distribution dynamique de la ventilation pUlmonaire fut 

. 
êtudi el! en théorie et par cùcpérience. Un modèl e à deux 

~' 

compartiments, mûs par des pressions pleurales indépendantes, fut 
" ." 

utilisé pour simuler les 
1 

poumons\. humains. La distribution du 
1 

volume-courant dépendait princiPale~~nt des pressions régionales. 
/> 

\, 

Cependant, une inegalité des variat\ns de pression produisait une 

séquence dans les débits régionaux. Un 
Il 

m~~le de la '-dynam i que d'un 
',,< 

. "' 
traceur dans le poumon au cour d'une réspil'ël~i on montra que la 

~~~ 

-.."'--~ ... ~ .... ~ 
venti lation normal isé par unité de volume était proportionelle à -la 

déri 'le dans le temps de l' acU v i té dl! Ic:rypton-el m normal isée par cette 

\ 
mllme activité. La scintIgraphie montra que la distributIon du débit 

j 

moyen éta i t indépendante de 1 a fréquence ou du vol ume-courant. Chez 
'1 

les sUjets en décubitus latéral' gauche le débit normalisé par unité de 

volume était supéri eur au poumon dépendant par rapport au 

non-dépendant et 
Q 

une séquence dans les débits étai t évidente. 

Néanmoins, les amplitudes des bruits pulmonaires étaient en phase dans 

les régions dépendant et non-dépendant, variant selon le carré du 

déb i t gezeu)( mésuré à 1 a couche. Le spectre de fréquence de ces sons 

demeura constant. Donc. des variations inhomogènes de ,pr,ession 

pleurale semblent contrOler la distribution de la ventilation. Cette 

distribution peut @tre mésurée paf un isotope de courte demi-vie mais 

,pas directement avec les bruits pulmonaires. 
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CHAPTER 1 

INTRODUCTION 

The distribution oF venti lation vithin the lung is one of the 

major determi nants oF gas exchange. It i s affected by Factors ranging 

, 
From the external forces acting on the body ta molecular effects that 

'r, 
can modify the properties of the small airways and the '1!tlveoli. In 

/ 

healthy lungs, the distribution of the inspired air is important; in 

diseased lungs, it can provide important information for diagnosis and 

treatment. " "1 ' 
if 

--- :~-

Interest in the regional distributi0':l of pulmonary 

......... ~-...... . 
ventilation and ln the factors that govern it probably has'''',existed for 

as long as the function of the lungs has been Ic:nown. The modern -
contribution has baan more in providing the methods of measurement,tha~ - . 

in the problem Formulation. As with most research, the questions have ~ 

grown to keep ahead of the answers. A review of sallie of the recent 

vork and techniques is presented in Chapter.2. Current issues include 

the difFerences between the Ic:nown distributions of' air under conditions 

of' little or no Flow and those during normal cyclic breathing, the 

principal factors controll i ng the distr i butions under the dynamic 

conditions, and the eFficacy oF methods of measurem'ent. These are the 

questions addressed in this dissertation. 

The regional lung vo.lume under conditions of 10101 flov has 

been shown to follov the distrlbution of' the locfl lung comp,liances 

<Hilic-Emili et al, 1966). Lung compliance, 
\ ' 

itself' a, function of' lung 

vo~ulle, thereFore depends indirectly on the hydrostatic gradient in 



·f 

( 

Page :2 

pleural pressure. The lung fills'and empties at very low flows ln a 

uniform manner that preserves the gradIent. However, at higher flow 

rates conditions are different. A flow rate dependence of the 

distribution of a marked bolus of air Is obsEllr.,v..~"'fbr CQll.stant rate 

inspiration <Bake et al, 1914), as would be expected if only the. 

regional compliances and reslstances of the lung determined the 

sequence of filling (Pedley et al, 1912). However, the posItion of the 

subject modifies the distribution in a way that cannot be explained by 

the resistances and compliances unless non-homogeneities of the pleural 
J 

pressure sw i ngs are i nvoked (Sybrecht et al, 1 916) • A prel iminary 

mathematical model lncorporating this feature was presented, ~ Chang 
/ J~ {I 

• 1 

and van Gronde Il e (1981). The further deve 1 0pl11œnt: of the mode l, wh i:ch. ./' 
} _1 .a 

"1;-

features independent pleural pressures as the driving force for alrflow 

~ 

on each of its two compartments, regional compliances and resistances 

determined as non-linear functions of volume and volume and flow, 

respectively, and a commbn resistance'between the compartments and the 

mouth, is presented in Chapter 3. 

Direct measurement~ of regional gas flow may be made by 

bran'èhosp i rometry. However, the high resistance of the tubes and the 

discomfort for the subject make the the technique impractical and the 

results physiologically unrepresentative. The accepted tools for 
'4P 

regional measurements in the lung are radioactive gases and aerosols. 

Historically, xenon-133 has been ysed more than any other respiratory 

tracer but other isotopes are more sUltable for dynamic studies. 

Krypti-B' ••• ~th/00\ ".ev gar,ma ray and jts '3 s balf-l!f. yl.lds , 

900!'image and q(sappears \qulckly. It cannot be used to measure lung 
~ , 1 _/' ! 

volume in man because i\ doeê not equilibrate in the lungs before it 

'- '-
decays, but it provides an Image of the steady state ventilation (Fazio 
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and Jones, 1915). 

The sequence of the d~stribution of a single breath is as 

interesting as th~ average over multlple cycles. Dynamic effects of 

isotope transport must be considered in the measurements. A model of 

the time-varying activity of krypton-81m during a breath is presented 

in Chapter 4. 

Experiments using krypton~81m to measure normal cycl i'" 

breathing are discussed in Chapter 5 for subJects in the left lateral 

decubitus posit1on. The results are compared with the model 

predictions for both the distribution of tidal breathing (Chapter 3) 

and the sequence of a breath (Chapter 4). The reglonal flow per unit 

volume is obtained From \ average breaths reconstructed From many 
,~, 

respiratory cycles during the lung scans. 

~lthough radioactlve isotope methods are non-invasive, they 

carry some risk. More importantly, they require large expensive 

installat10ns in hospital or research centres. Because the eqU1pment 

is unavailable tO most clinicians and researchers, other techniques for 

measurement of the regional distr1bution of ventilation during cyclic 

breathing are sought. One which has been proposed is the recording of 

breath sounds. A study of the relationship of the sounds detected over 

the che st to t~e flow of air at the mouth 1S presented in Chapter 6. 

The sounds are shown to vary with the square of the Flow rate at the 

mouth, but in a way that suggests that 1t 1S the velocity at some 

location in the bronchi r~ther than the local ventilation which 

determines the sound. 

.. 
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In brief, Chapter 2 is a selective revie~ of the literature 

on the distribu~ion of ventilation, on krypton-81m measurements, and on 

lung sounds. Chapter 3 is the description of a simulation of a t~o 

compartment lung driven by pleural pressure svings. Chapter ~ contains 

~he derivation of an expression for the activity of krypton-81m in the 

lung during a breath. In Chapter S, measurements of the distribution 

of ventilationftade using krypton-Blm are reported. Chapter 6 is an 

analysis of the sounds of normal breathing and their relation to the 

flov of air into and out of the lungs. 

of the principal findlngs. 

• 

\ 

\ 

Chapter 7 conslsts of a summary 

Il'' 

.. 

, 



CHAPTER :2 

LITERATURE REVIEV 

2.\ DISTRIBUTION OF VENTILATION 

2.1.1 BOLUS STUDIES 

2.1.1.\ Ouasl-statlc Dlstribution 

,~he majority of the studies of th~ distribution of pulmonary 

ventilatIon have been performed sinee the advent of radioactive gas· 

techniques. Knipping et al. (1955, 1957) pioneered in thlS area, 

initiating the use of xenon-133 as a non-invasIve Investigative tool. 

Subjects or patients Inhaled the gas from a spirometer and the 

radioactivity was recorded over the chest with scintilatlon eounters. 
f 

The qualitative distribution of air was observed direetly (i.e., normal 

or obstructed lung) but no attempt was made to Interpret the data 

quantitatively. 

The statie or quasi-statie dIstribution of gas within normal 

lungs was established quantitatively by Mille-Emili et al. (1966) and 

Kaneko et al. (1966) for seated and decubitus subjects, respeetively. 

The results and th~e of later studies were thoroughly reviewed by 
~(Î ' 

Milie-Emili (1917'. Volunteers lnhaled xenon-133 mixed with air in 

Increments from a starting volume to total lung eapaeity. At each step 

the y held their breath while the xenon counts were recorded. The 

eounts obtained after the lungs were equillbrated with xenon-133 were 

used to correct for the different thlcknesses of lung' tissue beneath 

the counters and the regional volumes were found as a percent of the 

total regional'lung capacIty.' 
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A constant gradient of expansion was seen down the lung from 

the more expanded non-dependent to the less expanded dependent zones 

both in upright CHilie-Emill et al., 1966) and in supine, prone and 

lateral decubitus (Kaneko et al., 1966> positions. The change of 

\ 
percent inflation with distance down the lung was less steep at.RV than 

at higher lung volumes in aIl postions. Regional lung volume in the 

no~dependent regions increased rapidly and curvilinearly with 

increaslng total lung volume for low lung volumes and more slowly and 
p 

Iinearly for higher volumes. In the dependent zones it increased very 

slowly and curvilinearly for low lung' volume and more rapidly and 

linearly at higher volumes. In seated subjects the linear portion of 

the relationship between reglonal expanSIon and total lung volume 

change began below 40% TLe (Mille-Emili et aL, 1966). It did aiso in 

supine and prone subjects, but in the lateral decubitus positions the 

, 
relation became Ilnear only at higher lung volumes <Kaneko et al., 

1966) • 

The influence of the starting volume on the distribution of 

slow InspIrations was studied by Dollfus et al. (1967). Boli were 

Injected into the inspirate at lung volumes between residual volume and 

95% vital capacity in standing subjects. The boli inhaled at residual 

volume favoured the upper zones. As the volume at which the tracer was 

added was increased, the gradient of the distribution was seen ta 

reverse gradually until at 25% vital capacity, the basal regions were 

favoured. From that lung volume up, the' xenon concentration decreased 

linearly from the Iung bases to the apices. 

1 

h· t 
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1 

The differences in reg10nal lung expansion were explained by 

the gradient of the static pleural pressure wlth gravit y which had been 

documerlted in normal subjects bV Daly and Bondurant (1963). 
{, 

At 10'" 

l~ng volumes airway closure in the dependent regions delays the onset 

of f111ing until the pressure gradient is fairly large but for most of 

the volume range the pattern of expansion is determined by the regional 

pressure-volume curve. The fl111ng of the lung zones under conditions 

of very low flolt can be predicted from the reglonal. compl iance which 1s 

determined by the reglonal volume. 

Rehder et al. (1911) compared dlstributions of xenon-133 in 

altaKe and anaesthetized subjects in the seated, supine and rlght 

lateral decubitus positions during step-wise inhalatIon of xenon-133 ln 

air. In conscious man the vertical gradient ~f lung volume ~as simllar 

in aIl positions at aIl inspired volumes Ithile the gradient of regional 

ventilation, computed as the ratio of the existing concentr~tion of 

xenon-133 to that which would have existed if the ventilation were 

uniform, was a function of the volume inhaled in aIl but the seated 

l 
position. In anaesthetized, paralysed subjects, however, tne vertical 

gradient of regional volume was greater in the lateral decubitus 

position than in the other two positions while the regional ventilation 

was uniform ln the lateral.p~cubitus pOSItIon, more uniform than ln 

awake subjects in the suplne posture, and slmllar to that in awake 

subjects in the seated postion at low inspired volumes. Thf di fferent 

mechanics of the thorax and abdomen ln the different post~res and in 

conscious and paralysed man were postulated as the explanatlon. 

Because of the breath holding at the end of each Inspiration, the 

experiments do not model tidal breathing, although the term "tidal 

volume" was us~d by the authors. 

--------------------
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In more r~cent work on the distribution of boli in supine 

subjects, Engel and Prefaut (1961) measured' the cranio-caudal 

distribution of xenon-133 lnsptred at different lung volumes by 8 

volunteers. At FRC there vas preferential ventilation of the cranial 

lung zones, at 40% VC the distribution vas uniform, and at 60% VC it 

vas preferential to the caudal regions even though the gravitational 

effects acting directly on the lung tissue vould be the same for aIl 

three zones. ln subjec~s where a helium vashout shoved lirvay closure 

at volumes greater than FRe, almost twice as much xenon-133 entered the 

apical 'zot4es as entered the basal regions wh",n bol). vere inspired from 

FRC. As the startlng lung volume was increased, the distribution 

became more tniform. In subjects whose closing capaclty was less than 
~, 

FRet the ratio of apical to basal xenon counts for inspirations of boli 

from FRC was unity. The authors postulated that vith airway closure in 

the dependent, paradiaphragmatic lung caused by the hydrostatic 

pressure of the abdomen, the cranial lung zones vere favoured. 

At lov flov rates, the hydrostatic gradient of pleural 

pressure contraIs the distribution of air along the axis paraI leI to 

the gravitational fi~ld. For decubltua subjects, it influences the 

distribution of air in the axis perpendicular t9 gravit y as vell. 

2.1.1.2 Higher Flow Rates 

Robertson et al. (1969> studied the effects of fast and slov 
" " 

J '01". -'",> ~ .... 

lnspirations from diffe~ent:lung'volumes on the distributlon of gas in 

the lungs. Slow Inspiration from residual volume (RV) caused 

preferential distribution of th~ xenon-133 boll ta the apical regions 

vith almost no tracer going to the basal zones. Very high flov rates 

(greater than: 3 L S-l (3 X 10- 3 m3 s-l» caused the distribution of a 
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bolus inspired at RV to be somewhat more even, but even at the maXimum 

flov rates generated, the apical regions had twice the xenon 

concentration or the basal ones. Inspiration from volumes above 

functional residual capacity (FRe), that 15, above about 40% of the 

total lung capacity (TLe) produced different distributions, with the 

bases favoured relative to the api ces. At higher flow rates the apical 

concentration of xenon-133 increased and the basal concentration 

decreased, but the majority of the bolus went ta the lower lung. 

At 10101 lung volumes the alrways ln the lung bases remained 

closed until after the distribution of the bolus in the upper lUn~. 

The large transpulmonary pressures requlred to generate ·the fast 
<-

inspirations opened the airways at somewhat lower total lung volumes 

than were needed with the slow flovs, but once the total lung volume 

was above 40% total lung capaci ty, aIl the ai rways were open. : For 10101 

rates of inspiration the distribution of air then followed the regional 

compliances. tor higher flow rates the reslstance appeared to be 

Important. 

The lung was modelled as,. the paraI leI combination of two 

1 
branches, a dependent and a noh-dependent zone, each consisting of a, 

, 
resistive element in series with a compliant one rOtis et al., 1956) • 

Vhen the pleural pressure swings over the lung were assumed uniform and 

the distributions at high flow rates were attributed to difrerences in 

regional time ~constants, the computed resistances were found to be 

unlform throughout the lung. This contrasted with the expected volume 

dependence of the resistance which w9uld have caused the upper to be 

about half the lower resistance. The authors concluded that either the 

pressure difference across the central airways was large enough to 
" , 

render the effects of the vertical pressure gradient negllgible or the 
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regional pleural pressyre changes were non-uniform during forced 

inspiration. 
(j 

Bake et al. (1974) performed similar experments in seated 

subjects breathing from FRC. The results confirmed the findings of 

Robertson et al. (19~9) that at very low flow rates a bolus (the second 

100 ml of the' inspired air) was distributed in the ratio of the 

regional compliances but, that at higher rates of lnspiration the 

distribution became more even. The ratio of upper ta lower xenon-133 

concentrat 1 ons changed rap i d 1 Y from 0.65 at very) ow fI ows to 0.88 at 

1.5 L - 1 
S and slowly to 0.93 at 4.5 L - 1 

S 

The 1ata were interpreted with the aid of the model of Pedley 

;\et al. 
'-} 

('912) in which the series-par;(~l arrangement of Otis et 

aL ('956) vas used, but w i th the comp 1 i ances and res i stances vary i ng 

as functions of volume and flow rate. The dirferences in regional time 

constants (the products of resistance and compliancel caused by the 

volume dependence of compllance were used ta explain the distribution. 

With additlonal data obtained from experiments vith sulphur 

1;> 
hexafluoride, the resistances were determined to be equal throughout 

the lung but to vary as the square root of flow rate and gas density. 

The uniformity of the resistance despite the differences in regional 

volume was postulated to result from the large pressure drop between 

the mouth and the apical regions caused by the redirection of flov in 

the upper airways, from the dynamic distention of the lower ai~YS, or 

from differences in 'the regional dynamic pressure;' As larger pr~ure 
svings were recorded from the lover of tvo esophageal balloons durfng 

forced inspiration, the last mechanism vas considered likely. 
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Grant" et al. (1914) pursued the investigation of bol! 

• 
distribution during ~onstant rate inspiration in the upright posture. 

Boli of xenon-133 were injected through a ~racheal catheter to mark the 
\ 

\ 

e~rliest part of inspiration, at the mouth to mark the second 100 ml of 

the inspirate, and after an added deadspace to mark the later part of 

inspiration. For slow flow rates (0.1 L s-1) (10- 4 m3 s-1), the boli 

injected into the trachea were distributèd more basally th an those 

inhaled from the mouth, which themselves were more basally distributed 

th an those injected late ln inspiration. Vith faster flow rates, 

(0.4 L s-1) (4 x 10-~ m3 s-I), the distribution became more uniform. 

Earlier parts of the breath were distributed more apically than were 

the later portions. At high rates of Flow, (1.0 L S-1) (10- 3 m3 S-1), 

c 

the early portion of the breath went to tne lung apices and the later 

portion to the bases. The data of Grant et al. (1974) vere explained 

using the concept of reglonal compliances and resistances and their 

âependence on lung volume wlthout considering the nonhomogeneity of the 
"\ 

pre,ssu re sv 1 ngs. 

Further experiments on the effects of inspiratory flow rate 

on bolus distribut.ion were conducted by Sybrecht et al. (1916) who 

studied the effect of the pleural pressure differences. In seated 

subjects th~ir data confirmed those of Bake et al. (1914). However, in, 

'supine subjects the apico-basal difference in distribution was 

increased over that in the vertical position. As the dlfferences among 

regional compliances ar.reduced ln supine subjects, it vas impossib~e 

" 
to compute a reasonable set of resis~ances and compliances to account 

for the distribution unless a sma 1-1. ( 1 ess 
'" 

than (98 Pa» ~ 

nonhomogeneous change in the pleural pressure svings\vas introduced. 

~ 

When the difference in the regional dynamic pressure vas included, the 
f 

• 
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data could be predicted accurately using a sim le model. The authors 

concludèd that the time con~tant theory alone coul not explain the 

distribution of a bolus, that the resistances had lit le effect on the 

distributiorr of ventilation because it was much more sens tive to small 

changes in the differences in applied pleural pressure than to changes 

in the local tlme constants. The distribution 

cannat be understood dV~S'C conditions 

nonhom geneous pleural pressure swings. 

2.1.2 PLEURAL PRESSURE EffECTS 

of ventl1at~o ,under 

withou~ c~nSid Ing 

\ 
There is clear evidence that the magn i tude of the Pl~ai 

t} 
pressure can influence the distribution of ventilation. Roussos et , 

al. (1916) measured hel1um washouts at low flow rates after very slow 

inspiration in supine and, lateral decubitus subjects. When 

diaphragmatic tone was high (transdiaphragmatlc, pressure relatively 

constant) throughout expiration, the sequèntial nature of lung emptying 

. 
was cons~derably reduced~over that when the diaphragm was relaxed 

(changing transdiaphragmatic pressure). The ~uthors concluded that the 

greater ventilat10n of the dependent lung i« hori20nta~ man was due 

both to its P9sition on the steeper part of the pressure volume curve 

j 
and to the greater swings of the pleural pr.!lssure over the dependent 

\ 
lung. '. 

In seated, supine and 1 eral decubitus volunteers, Roussos 

(\. 

et al. (1917a) found further tha boli of xenon-133 inspired slowly 

could be distributed preferentially to the dependent regions by 

predominant use of the abdominal muscl 5 dur~g lnspiration or more 

uniformly or ev en preferentially to the nonde endent regions by strong , "l'" 

contractions of the intercostal and accesso muscles ,while the 
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diaphragm remained relaxéd. The gradient of alveol'ar ~anSl~n in 

, " lateral decubitus subjects also was shown ta be influencèd by t e 

~ ''\ 
li i th 1 ncreas i ng "~tone "" diaphragmatic tone (Roussos et al., 1911b) • 

\~ \\ 
during expiration the difference between the dependent and nondependen ~ "\". 

\, '\ \..~ on es decreased. 

'~'>, ~ 
Fix 1 ev et al. (, 978) demonstrated the same phenomen on in' "

" 
seate \ subjects for faster inspirations (up to 
. \ 

(1.5 X ~-3 m3 5- 1». Although the flow rate influenced the 

\ 
distribution of the tracer, the pattern of muscle use affected it more. 

Diaphragmatic contractions caused more of the bolus to enter the basal 

'" reglons while intercostal and accessory muscle use produced a mo~even 

d "tn but; 00 at al\\fl ow rates. me da~ or Bake et al. "974) \or 

natural breathing fell eatly betw~en the ~o. 

The studies of Rou sos et al. (191~;7a) and Fixley et al. 

( , 918) showed that the patte n of muscle use dur ng breathing could 

influence the distribution of venti tian, but'they did ot prove that 

~. unequal pleural pressure sw!nos occurre dur!ng normal breat !~e:hat 

"'~'~ 

"~had been demonstrated by Daly and Bondurant ('963) who introd ~ a 

"" small (less than 2 ml (2 x 10- 6 m3 » air bubbl into the pleural spa'ce 

.'" ~f seated subjects and measured.the pressure with a needle probe. A 

larger change in the intrapleural pressure during tid 1 breathing was 

seen in ~he lower chest th an ln the upper. Dddl Y e ough. this 

information was not used in t~e hypotheses about bolus distribu on. 

Hida et al. (1981) inve~tigated the reJationship betwe 
1 

breathing frequency and the magnitude of the esoph~geal pressure swings 

at three vertical locations. Although the resistive component (the 

difference between the pressures measured at maxlm~m lnspiratory and 
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exp i ratory fi 01. div i ded by the tota 1 flov) did not change vi~h 

frequency, the elastic component (the difference between pressures 

"" measured at sub~equent zero flov points, divided by tidal volume) 

" . 
Increased by 107%, 119%, and 151% in the upper, middle and lover 

balloons respectively \then the frequency vas Increased from zero to 

60 breaths min- 1
• Changes in muscular a~tivlty over the regions vas 

not considered. The change in the regional pressure difference vith .. -
flov rate vas in the opposite direction From that predicted by the 

constant flov results. Even at lov flov, the pressure changes vere 

greater in the most apical of the esophageal balloons, in contrast ta 

the finding~ of Daly and Bondurant (1963) ~or direct pleural pressure 

measurements. 

2.1.3 TIDAL BREATHIN~ 

The differences and similarities betveen constant flà.., rate 

~inSPiration and tidal breathing are Interesting. Bouhuys et al. (1961) 

and Cutillo et al. 11912 ) found that, unlike constant flov bolus 

distributions, nitrogen vashouts in normal subjects vere not affected 

by changes in flow rate caused by changes ln frequency, although in 

patients vith obstructive disease they vere (Cutillo et al., 1912). 

< 

HO'fever, Chevrolet et al. (1919) found that xenon-133 vashouts vere 

influenced similarly to the bolus distributions by the selective use of 

one or the other set of respiratory muscles during volunt~ry tidal 

breathing in the lateral position. 'Also, vIth the diaphragm completely 

relaxed during intermittent positive pressure ventilation CIPPB) the 

vashouts shoved a more uniform pattern of ventilation than that from 

natural breathing at the same frequency CChevrolet et a~., 1978). IPPB 

produced a distribution similar to that during breathing vith the 

intercostal muscles. 
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5ecker-Valker et al. (1973) measured tldal breathing vith 

t 
xenon-133 vashin and vashout experiments. Seated subjects breathed 

normally From a reserVOlr system vhile a gamma camera recorded the 

activity. Regional ventilation, defined as the fractional exchange of 

air, vas calculated from the peak of xenon activi~y divided b~.the area 

under the vashout (or vashin) curve after correction for the 

concentration of xenon-133 dissolved in the tissue. Bath vashout and 

vashin measurements shoved a gèntle gradient of ventilation increasing 
J, 

from the apices ta the bases although the values calculated from the 

vashout vere slightly greater than)thase from the vashin. The overall 

fractional exchange for both lungs vas 0~145 per breath, or 0.03 s-l, 

as calculated From th~ vashout. In patients vith obstructive disease, 

the gradient vas reversed and the overall mean fractlonal exchange vas 

reduced ta 0.01 s-1 (Secker-Vallcer et al., 1915). 

Sampson and 5maldone (1984) measured xenon-133 vashouts in 

seated subjects vho vere instructed ta use different_respiratory muscle 

groups during tidal breathing. The vashout from the gepen,dent region 

vas alvays faster than that from the nondependent region, but vith 
" 

predominantly intercostal breathing the di~ference vas less t~an it vas 

vith only diaphragmatic contraction. The ratios of the regional decay 

" constants were linearly related to the ratios of the '- simultaneous 

regional esophageal pressure swings. Regional pleural pressures appear 

to control the regional washout, that 1s, the regional ventilation, 

during tidal breathlng in seated man. 

o 

The evidence of the effect of breath(ng frequency on 

ventilation distribution is mixed. Kronenberg et al. (1916) found that 

the highest rate of xenon-133 clearance vas near the lung bases in 

seated subjects breathing normally but vas closer to the Middle of the 

-------- .-- ------ - ---- - --
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lung field at 50 breaths min- I
• However Jones et al. (1971) 

( 

de,ec,et 
only non~significant changes in the xenon-133 clearance rates for 

frequenciés'betveen la breaths min-Jfy and 50 breaths min- I in either 

normal or bronchi tic subj!,!cts. Rehder et al. (1981) simi lar I y found 

the distributioh of xenon-133 clearance rates to be tnd~pendent of (low 

during ~ tidal breath i ng Il i th constant i nspi rat ory rates in norma I • 

laterai decubitus subjects. Fork~rt et al. (1978) found that the 

overaii (mouth) vashout ratès of xenon-133 lIere constant for 
'. 

frequenci~s from 12 to 51 breaths min- 1 in seated subjects, but that 

regionai lIashouts 'ch~nged markedl y. There vere intrarS-iJ.i.ona-l 

differences suggesting variations by as much as a factor of ten among 

p~rallei Re time const·ants "hi le the average lIashout vas not affect.ed. 

Vashout measurements at the mouth cou 1 d not shov true regièna 1 

~ehaviour. vhich may be h~?n-l ......... ,inhomogeneous, 'iut over the entire lung 

field the venti lation as measured by washout techniques lias frequency 

in~ependent.' 

2.1.4 SINGLE LUNG STODIES 

2:1.4.1 Consclous 5ubjects 

Theo function ,of the individual lungs during~ tidal breathing 

has been studied lIith double-lumen endotracheai tubes. Li Il i ngton et 

al. (1959) measured nitrogen clearance in avake subjects in the left 

and right lateral and supine decubitus positions. In the supine 

subJects, the cleararVce From the right and
o 

left lung vas' the same, 

~ \ 

desplte the 51 ightly larger volume of the right lung. In thel laterai 
\ 

" /, \ 
c;t~cubitus positions, the FRC of the dependent lung remained unchanged 

or decreased slightIy From that in the supine position, while that of 

the non-d\!!pendent lung increased. The tidal volume of the dependent 

lung ",as sI ightly greater than that of the non-dependent lung. The 

.. 

, 0 
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clearance of the non-dependent lung vas slower than it h~d baen in the 

t;;, 

supine posi ti on (right lung 0.0095 - 1 vs 0.011 5- 1 ; leFt lung s 

0.0062 s - 1 vs 0.016 s - 1 > \/hi le that in the dependent lung was sI ightly 

" Faster (right 0.018 leFt 0.02"1 5- 1 ). Overall, the clearance rata 

vas slo,ver in the lateral postures. 

luno> in ,(~ Not only the venti lation differs t)etveen the 

lateral decubi tus posi tions. The timing of fil11ng 

"

and allpt yi ng rs 
aIso dependent on the position. Frazier et al. (1916> performed single 

breath oxygen tests in avake subjects in the right l~teral decubitus 

and the supine posi tion~. In Pour of fi ve subJects, the closing volum'e 

relllained unchanged vith position, but flov limitation vas seen 

sequentially, fi~t in the 'dependent, then ln the non-dependent 1 ung, 

and emptying vas similarly asynct'lronous in the Iaterai decubitus 

position. In the supine position, hoveVer, elllptyin; vas )synchronous. 

2.1."".2 Anaesthetized 5ubJects 

Rehder et al. (1912) performed simi lar experiments in 

anaesthet i zed. paralysed subJects in the supine and lateral d9cubitus 

positions. In the supine anaesthetized subjects, as in the conSClOUS 

subJects of Lillington et al. (1959>, nitrogen clearance did not 

dlffer betveen the lungs. In the Iaterai pos! tians, functi'onal 

residual capaci ty i ncreased because of the i ncrease in si ze of the 

nondependent lung. In the left lateral position, the tidai volume of 

the nondependent Iung vas significantly greater than that of the 

dependent lung but its nitrogen clearance vas signlficantly slover 

vs 0.018 s-I). In the right lateral position, the 

differ~nce betveen the lungs \las nonsignificant. 
i ',< " 

/ .... ~\ 
j ~ 

, -
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The dispari ty betlieen spontaneously breathing and 

artificially venti lated paralysed subjects is striking. In paralysed 

subJects in the lateral decubitus positions the ventilation Is 

uniformly di stri buted bet\oleen the lungs, \oIh11e in spontaneously 

breathing subjects the di fference can be as great as a factor of four 

between the lungs. Probably the more uniform distribution of driving 

pres~ures betveen the lungs. during mechanical ventilation causes the 

'difference. 

Hedenstierna ,et al. (1981) measured airvay closure in 

anaesthetized subjects in the supine and late~al decubitùs positions. 

vsing both nitrogen and argon liashout tech~iques. In supine subjects 

th'e closlng volumes of both lungs were "slmilar and exceeded functional 

residual capacity. "In the lateral positions, the residual volume of 

the nondependent lung decreased and the total functional residual 

"capac i ty incre~sed because that of the nondependent 1 ung 1 ncreased more 

than that of the dependent lung decreased. Closing volume, measur~d as 

the vo,lume expired dUrlng phase IV of the washouts, did not change From 

the supine value for the depèndent lung. In the nondependent lung it 

was difficult to measure but seemed to decrease slightly relative ta 

the supine value. The dependent l~ng showed an earlier onset of phasg 

IV during expiration. No closure lias evident ln the dependent lung 

until about 0.5 L (5 X 10- 3 m3
) had been expelled aFter the end of 

expiration in the dependent lung. 

BindsI'ev et al. (1981) studied the partition of volumes in 

the same anaesthetized subjects ln the supine and latend decubitus 

postures. In the left lateral d,ecub1tus pOSition the y Found that the 

tidal volume lias distnbuted preferentially (61%) to the nondependent 

Î\ng and that this was increased by the use of positive end expiratory 

• 

1 
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pressure. The compliance of the nonc;Jependent lung (0.073 L cm- 1 H20, 

was 

6."1 

incçeased from its value in the 5upine position 

-7 3' -1 
X 10 m Pa )" but the res i stance was not 

changed signifïcantly (3.31 to 3.1"1 cm H20/L/s, or ta 

The compliance of the dependent lung \tas 

decreased (0.044 L/cm H20 From 0.057 L/cm H20i 4.5 x 10- 7 from 

and lts resi stance entirely unchanged 

The ventilation distribution 

ratio for nondependent lung to dependent lung was 1.54, a value closer 

to the ratio of the time constants (1.53) th an 
........ 

to the ratio of the 

comp 1 i ances • IIhen the va 1 ues for the hemi thorax rather than the 1 ung 

were used, the same result was obtained. For paralysed subJects, the 

dis~rlbutlon of regional ventilation seems ta be determined primarily 

:1. 
by the time constants of the regi ons, as the transpulmonary pressures 

C 
are functlons of the ventllator pressure or flow and the regional 

compliances and resistances of the lungs. i 

The stud i es that have been rev 1 ewed i ndi cate the importance 

of the pleural pressure distribution, bath the hydrostatic gradient and 

the dynamic component, in determining the reglonal ventilation. They 

also demonstrate that large differences may exist between the dependent 

and nondependent lung regions during normal breathing. 

2.2 MATHEI'1ATICAL 1'100ELS 

Mathematical models have been used to explain the 

distribution of ventilation quantitatively. Otis et al. (1956) 

considered a two compartment model of the lung with the parai lei 

combination of two branches, each consisting of a resistance in series 

" 
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with a cOlllpliance. If the individual resistances or compl~ances were 

unequal or 1 f the driving pleural pressures on the two regions were 

different an uneven distribution of inspired air was predicted. The 

authors concentrated on the uneven time constant (resistance-compliance 

product) explanation. 

USing a two-compartment lung model similar to that of OtiS et 

al. (1956) but with the campliances and resistances computed as 

non-linear functions of instantaneous volume and fl0w rate, Pedley et 

al. (1912) modelled the distribution of ventilation during constant 

inspiratory flow. Pleural pressure differences in the model, were 

static, correspondfng only to the hydrostatic pressure difference' 

betwen the compartments; the uneven distribution of the flow vas 

determined by the regional time constant dlfferences. The model of 

Pedley et al. (1972) accurately predicted the experlmental data of 

Bake et al. (1974) for regional resistances that were similar 

,1 

throughout the lung, but It could not accaunt for the later fin~1ngs of 

Sybrecht et al. (1976). These authors introduced a tl~e-varYing 

pleural pressure into a' simpl ified version -of the model, allowing them 

ta gen,erate values similar ta their data. The model of Sybrecht et al. 

(1976) used resistances and compliances that vere linear functions of 

f low rate and volume. 
r,'Î 

Pedlev et al. (1912) , and Sybrecht et al. (1916) modelled 

distribution of ventilation anly during consta~t flow inspiration. 

Jansson and Jonson (1912) presented a model for continuaus breathlng 

with different flow patterns, but based on uniform pleural pressure 

variations. Chang and van Grandelle (1981> modelled tidal breathlng 

generated by a sinusoidal pleural pressure ,.that was different in 

magnitude Over the two compartments. In this model the distribution of 
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a tidal volume was seen to be a functlon oF the dif"rerence in regional 

pleural pressures. The wark ",as extended by, Shykof"f", lIan Grondelle and 

Chang (1982) to include different f"orms of pleural pressure variation 
Q, 

and possible phase lags betveen compartments. 

Lutchen et al. (1982) proposed a model ln the 

difference ln composition of the alveolar and deadspace gas was 

included. In their tvo campartment model, compliances and reslstances 

were non-linear functions of volume and flo", rate but the pleural 

pressure driving force was the same on both compartments and there ",as 

no hydrostatic dlfference betveen them. The effect of changes in the 

statie pl~ural pressure and resultant functional residual capacity and 

of the frequency on nltrogen vashout was modelled. For a lung wlth 

equal resistances and compliances in both compartments there was no 

effect but For a highly non-uniforme lung the interactive eFfect of 

operating point and frequency could be seen. 

2.3 KRYPTON-SI m 

2.3.1 PRODUCTION AND RATIONALE 

Although xenon-133 ",as ,and Is used widely in lung function 

studies, lt 15 not the perfec:t tracer for lung studles. 
" 

In 1910, two 

papers appeared in vhich the production and use of krypton-8tm vas 

described. The ventilation studies were done ~sing boli of air marked 

vith krypton-SIm (Clark et aL, 1910; Yano et al., 1910). Records 

vere made during a single breath. The advantages of krypton-81 m over 

xenon-133 that vere given vere the higher en~~gy of the gamma ray 
" 

(190 Kell instead of 90 Kèvl and the resultant rapidly acquired images, 

the low radiation dose to the subject, and the possib,t,l i tv of repeat 
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studies because or the short haif-life of'the isotope. 

Krypto.n-81 m is produced From rubidium-81 which may be 

generated in a cyclotron by the bombardment of sodium bromide crystals 

with alpha particies. The rubidium is separated From the remaining 

sodium bromide on an acidic cation exchange resin where the isotope is 

retained. Rubidium-81 (half-l ife 4.7 hours) decays by.electron capture 

to krypton-BI m (half-life 13 s), which th en undergoes Isomerie 

transition to stable krypton-81, emitting a 190 Kev gemma ray in the 

process. The radioact ive krypton-St m may be el uted From the parent 

rubidium by passing air or vater through the res!n column. 

FaZlo 'and Jones (1975) realized the potentiel of Ic::rypton-81m 

for, study i hg t i deI breath i ng. Because of the short oha 1 f-I ife oF the 

isotope, no· equi 1 ibration of the lungs is possible during qUiet 

breathlng in 'adult man and the decay of the krypton-8tm in the lungs 

\tas considered to be appro)(imately as fast as its arrivaI. The number 

of moles of krypton-BI m ln the lungs (and hence the number of counts) 

lS proportlonal to 

Q/«Q/V)+A), 

where Q is the rate of ventilation, V is the volume. and A. = 3.2 min- I 

is the decay constant of Ic::rypton-Stm. rèr qUiet breathing \then the 

ratio Q/V i5 mueh less than A, the number of counts becomes 

proportional to the regional ventilation. 

In a revie\t paper, Aughes (1979> discussed' th" use of 

Ic::rypton-8t m. In addition to the ad"antaQes menti ... oned above, he 

conSiderrk1 t\tO problems: that quanti tati"e measurements of venti 1 ation 

f' 
are d~/fIT i cul t "i thout the use OT a second isotope to measure the 

1 

regl0nal lung volume, and that a facemask delivers a time-varying 
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concentration of the tracer ta the subject unless a well-mixed 

reservoir is provided upstream of the mask. Amis and Jones (1980) 
1 / 

discussed" in addition, the underestlmat~~/~f the ventilat'ion that may 

J'; -
result from long transit times to the lung periphery, especi'ally in 

obstructed lungs. They also reviewed the advantages of the isotope: 

101/ tissue solubillty, a cIean spectrum at 190 Kev, the short 

l'laI f-l i fe, 101/ radiation dose and possibility of repeat measurements, 

the lack of waste-dlsposal problems,' and the ease of qualltatlve 

interpretat i on of the 1 mages. 

2.3.2 STEADY STATE MEASUREMENTS WITH KRYPTON-SIm 

2.3.2.1 PhYSlologlcal 5tudies 

Measurements of the steady-state act i vi ty ovÎ[jr. the chest have 

been made during tidal breath i ng of krypton-BI m. The isotope Iotas 

eluted by a constant flow of air through a generator and delivered 

through a face mask to the subject. The relative number of counts in a 

region could be lnterpreted dlrectly as regional ventilation. Fazio 

and Jones (1975) remarked that technicium-99m perfusion scans çould be 

" 
performed in the same session for Immediate comparison Iotlth the 

venti lation images because the similar energy of the photons from the 

F , 

two substances permitted the use of the same detectar and the rapld 

el imination of the krypton gas allowed the perfusion study to be done 

immediately after the venti lation ,scan. 

The investigative potential of k:rypton-Blm was exploited 

Q 

almost immediately ta measure ventilatlon perfusion ratios. Harf et 

, 
al. (1916, 1918) used the gas in both tidal breathing ventIlation scans 

and perfusion scans at a single sess10n-' in seated subjects. The ratios 

of the venti lation to perfusion were found pixel by pixel. Ami 5 et 
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-, 
al. (1,917) extended the worlc to subjects in 'other postures. In seated 

subjects a gradient in the ventIlation perfusion ratio vas seen from a 

. 
mean value of 1.8 in the apices to about 0.8 in the bases (Harf et al., 

1916, 1918). In other postures the rat i oS decreased r,rom the super i or 

to inferior part of the lung in lungs that vere at a high resting, 

v91ume (non-dependent lung in 'the laterai -decubitus posItions, aQd both 

lungs in the 

(dependent 1 ung 

prone suspended posture) 

in(the laterai d~cubitus 
supine position) (Amis et al., 1911). 

and increased in smaller lungs 

positIon and both lungs in the 

By using krypton-85 aIso, Amis'\' 

et al. (1918) obtained volume images, allowlng them to quantitate their 

measurements of ventilatIon and perfusion ratios. Elderly subjects had 

ventilation perfusion ratios very slmilar to those of younger subjects 

(Harf and Hughes, 1978(. 

During bicycle exercise seated subjects shoved ventilation 

perfusion, ratios more'uniform than those at rest (Harf et al., 1978). 

In the study, the regional counts of bath ventilation and perfusion 

were normalized USIl"Ig the respective total counts. This stabiLi'sed the 

relati...onship between the \flormalised counts c, and the - normalised 

venti lation even For the increased breathing rates at- e)(ercise. The 

proportional i ty held so long as the regional ventilation per unit 

volume was similar to the overall val,ue, ev en if it vas non-negligible 

relative to the decay constant of krypton-81m. To ellminate the 

factors in the venti lation perfusion ratio of tissue absorbance and of 

the varying amounts of lung tissue over different parts of the gamma 

camera, Harf and /'1eignan (1980) used the same tracer to measure both. 

ThlS advantage was not stated expllcltly in the previous s'tudies in . 
VhlCh the technique had been used. 

/ 

A-

-
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Scans of the lungs of lnrants and small ch il dren must be 

correct'ed for the hOigh rates or specifie ventilation that occur. 

" Ciofetta et al. (1980) p .... esented a method that incorporated ,the 

steady-state counts, in this case more nearly a measure of lung volume, 

V l th a regional washout df krypton-81 m. The washou.ts gave the value or , 

the denominator in thè expression or Fazio et al. (1975). The 

technical dirf"iculties inherent in obta'ining a repeatable washout 

measurement with an isotope that decays as rast as krypton-81m does 

were not discussed. 8y combinlng the techniques the authors vere able 

to make quantitative measurements of both ventilation and specifie 

• 
ventllation in infant lungs. The need for such a combined method was , 

further illustrated by Arnot et al (1981);' a comparlson of nitrogen-13 

vashouts and krypton-81 m steady-'state scans in anaesthetized dogs 

. 
shoved that the krypton count rates began to underestimate the regional 

ventilatlon when SpeCirlC ventilation rates reached 1.5 

2.3.2.2 Clinical ApplIcations 

- 1 min 

The advantageil 'of kr:-ypton-81 m as a tracer extend to 

worlc. Goris et al. (1911) used it for lu'ng imaging in patients because 

of the lov radiation dose and the 5peed of acquisition. Four vievs of 

250,000 counts each vere obtained with only 80 mrads dellvered to the 

lungs. Patient cooperation vas not a problem since only tidal 

breath i ng from a mask was needed. Georgi et al (1919) aiso used from 

tvo to four views. By using high krypton-61m concentrations in the 

inspirate, they obtained wealc images as inspiration began ln addition 

to those at steady state. 

. -----

( 
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~a~\ 
Li et al." 919) ,uggested tha: the propert i es oF krvpton-Sl. ~, 

and the 

~ 
ease of administration made it - particularly suitable for 

pediatric use. Papanlcolaou and Treves (1980) agreed because of the 

~ 10'"' dose delivered and the possibility of sequential studies. They 

c:autioned, however, 85 did Ciofetta et al (1980), that in small lungs 

• the quantity measured directly is volume, not flow. Not aIl authors 

doing pediatric worle: have taken note of this varning; Heaf et 

al. (1983) mlsinterpreted thelr data ).hen they fai led ta consider the 

~ ~', 
small lung volumes. , 

Bartsch and Lin smaux (1 9BO) rev i ev ed the di agnos tic patterns 

seen Il i th krypton-B 1 m scans vhere pu 1 monary embo 1 i cause the mi smatch 

of ventilation and perfusIon, carcinoma creates a large area Ifhere bath 

ventilation and perfusion are abnQrmal, and emphysema appears as patchy 

deFects in bath ventilation and perfus i on. Schor et al. (1 91B) 

campared the diagnostic use of krypton-Blm and )(enon-133 in obstructive 

and embolie disease. They concluded that while krypton-8lm was 

superior ln embolie disease. )(enon-133 vas to be preferred for the 

diagnosis of obstructive conditions. Sussld nd et al. (1981 a) compared 

) 

)(enon-121 to krypton-8tm and slmilarly found the xenon-121 vith its 

long half life superior for the detection of obstructive disease. The 

krypton-81m may not have time tô penetrate deeply into the severely 

obstructed lung before it decays. 

Because krypton-Blm scans may be performed vi thout the 

patient havln'g to folloll particular breathing patterns, examinations 

may be made during and immedlately after asthmatic crises (Fazi a et 

al., 1919). Kavakam i et al (1981) shoved that tidal breathing of 

krypton-81m was adequate to detect -defects of ventilation in asthmatics 

beFore and after e)(ercise but that a bolus inhaled at residual volume 
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during a vita'! capacity inspiration vas a more sensitive test. 

.'. For the detection of embolie lung di5ease, krypton-81m i5 

, 
weIl sui ted. As IoIas discu5sed above, i t may be used to advantage as 

, both the ventilation and perfusion tracer (Harf and Meignan, 1980). It 

"" " also has been used by Susskind et al. (1980) as a ventilation tracer 

IoIhen technicium-99m on microaggregates vas the perfusion tracer and 

xenon-121 measured volume. Meignan et al. (1982) 'compared krypton-81m 

and technieium-99m microaggragate perfusion scans and found tnem to be 

equally good at deteeting perfusion defects. The areas located vere 

'" comparable to those seen vith angiography. 

Some di seases cause localized changes in ventil~tion. 

Acevedo et al. (1980 ) used the differences among nearest-neighbaur 

, 
pixels of krypton-81m ventilation and perfusion scans ",hich had been 

divided pixel by pixel by xenon-121 volume scans to measure these 

abnormalities. Susskind et al. !1981b, 1982a, 1982b) contlnued the 

",ork and applled the comparison technique of local ventilation per unit 

volume to clin,ical situations, in partIcular; ta the diagnosis of 

pneumocon i os is. For analysis of süch small zones, the number of counts 

recorded must be hi gn. 

2.3.3 DYNAMIC STUDIES IHTH ISOTOPES 

Respiratory motion reduces the resolutian of steady state 

lung images, particularly in the regions near the diaphragm (Alderson 

and Line, 1980) • Also, the variations of the distribution of 

\ 
ventilatIon "'ith time are obscured by the summation of aIl parts of the 

breathlng cycle. A series of "motion free" images, a dynamic series 

1 , , 

that spans thê cycle, vould- botli reduce the blurring and provide t'he 

temporal information. 
, 
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The series that i s easi est te obtain censists of one or tvo 

images per breath. DeLand and Mauderli (1972) used a potentiometer on 
... 

a tape. around the chest to trigger" the .gamma camera and collected data 

at a preselected lung volume. "lthough motion artiFacts ",ere reduced 

cons i derab 1 y, much information ,..as lost and the acquisition vas, 

.. 
compl i cated by the extra apparatus. 

Alderson et al. (1919 ) acquired images in mechanically 

vent i 1 ated dogs. The pump signal was used to trigger the camera. In 

one series of" experiments, images vere obtained only at peak: 

inspi Fâtion and end expi ration. In another, fourteen i mages vere 

obtai ned per cycle. The mechanical lIenti lator el imlnated the problems 

of variability among cycles, but also of 

venti latlon. 

Touya et al. (1979> obtained Tour basic images per breath in 

)(enon-133 rebreathing studies. The detai ls oF the reconstruction are 

not given in the abstract, but it seems to halle been based entirely on 

the activlty record. Lung vo 1 ume par~meters such" as total 1 ung 

capacity, tidal volume, vHal capacity and residual, volume were 

computed in normal subjects and in patients with obstructive lung 

disease. 

Li ne et al. (1980) used a pneumotachometer at the mouth to 

measur~lov during a scintigraphie acquisition with xenon-121. The 

flo\l signal vas sampled along with a "list mode" acquisition of the 

radloactivi ty, that is, an acquisition in wt-'lich time coordinates are 

reeorded ln addition to the spatial grid. The Flo\l signal lias used to 

match the activity corresponding to the same flovs and volumes From 

t 
successive breaths in the recorded data. Dynam i c seri es vere generated 

, 
" 
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by adding the aetivities breath by breath. 

Oeconinck et al. (1982) reconstructed an average cycle and 

analysed the images by F"ourier transforms of t~ spatial coordinates. 
--j' 

The amp li tude and phase i mages For the first two harmoni cs were 

examined. Fe", details are given in the abstracto 

l, 

Although a pneumotacnometer can provide a reliable signal for 

use in the reconstruction of an average breath. it requires an analog· 

to digital converter channel synchronised wîth the gamma 
r 

camera data. 

Kaplan et al. (1982) snowed tnat the cycle could be reconstructed from 

the list mode scintigraphie data themselves. The total activity for 

each '200 msee interval vas computed From the smoothed data. The 

J, .. j-- _ ,..-~ 

durati ons 

the data 

of inspiration and 

wer~med to 

expifat i on vere, found for each breath and -. 
a constant 1 ength oF 16 frames per breath. 

The individuai breaths th en vere summed to produce the dynamic seri es 

of an aV,erage cycle. Although Kaplan et al. <19B2) generated a dynamic 

series From ~ krypton-81 m scan, they did not attempt to interpret the 

activity in terms of Flow or volume. 

2.3."1 WASHOUT HODELS '. 

Because the haCfo-l iFe of krypton-Blm 1s 50 short, vashout 

measurements must account for decay. Bajzer and Nosi l (1911) presented 

a simple model for the vashout of a gas vith a short half-life. The 

lung vas depicted as a vell-mixed eompartment '" i th a constant Flov of 

gas through it from an Inlet at a Fixed concentrati'oll to the atmosphere 

",hich does not contain the tracer gas'. The speciFie ventilation of the 

compartment vas c:.alculated From the concentration of' the decaying 
'? 

tracer. Despite the slmplicit:):' of this model, it produced values 
\ 

comparable to experimental data for a whole-Iung washout. Therefore, 
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to interpret ~ashout measurements 

for 1 arge reg,i ons. The mean values of specIflc ventIlatIon were found 

to be 0.022±6.002 s-1 for both lungs t0geth~r, a value 21% less than 

that found by Secker-Walker e~ al (1915) by xenon washout teehnlQues~ 

, Bajzer and No~i 1 ~\,1980) tater improved the model by including 

an èrbitrary number oF parailel wêIl-mixed units and perlodlc breathing 

and lung volume. The specifie ventilation ~as calculated usin; the 

_odel and ~ashout data for seven subjects. The average for both lung5 

01 

together ~as O.033±0.003 s-I, closer to the values oF 0.031tO.d03s- 1 

l , 

(Se~lcer-'iallcer et al, 1913> and 0.030±0.003 S-I (Sed:er-'iallcer et aL, 

191~).; lhe average ratio of tldal volume to functional resldual 

capaclty vas computed to be 0.091:0.005. 

Clofette et al. (1980) fit the vashout curves that followed 

both ventilation and pe~fuslon. -Because the ellmination of krypton-BI. 

by dilution and lts deéay' can be considered to be monoexpo~.ntial 

functlons, the logar! thm' of the number of counts vas taken to be 
~,:",' 

a/v +' À during thé vashqut phase.6 It vas computed when the number of 

counts had dropped by one half. For ventilation studies the volume in 

question was the vantilated alveolar volume while,for perfusion it-,was 

that into vhich the gas diffused From the blood. Differences ln the 

cle'arance rates reflected venti lation perfusion mismatch. 

Krypton-81m has proven to be a versatile 
," 

isotope for 

functional studies of the lung. Alth~ugh many uses have been found for 

It, i~s potential has not been Fully explored, particularly in the 

generation oF dynamic series. 

/. 
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2. '" BREA TH SOUNDS r 

2.4.1 ORICINS AND TRANSHIS~ION or LUNC SOUND 
, \ 

Interest has been shown in vesicular lung sounds since the 

invention of the stethoscope by Laennec in 1819, but the amount of 

scientif1c vork done on the subject 1s small. Hurphy (1981) provides 

an eKcellent overv1ev of the earlier vork. 

The Interpretation of lung sounc;:ls is difficult because th-e 

site and mechanism of their production remains unclear and the nature 

of their propagation is ill-defined. Several studies have been 

performed to deal vith these issues. 

Bullar (1884) examined several theories of the production of. 

respira~ory soun~s: Using isolated sheep or calf lungs in an airtight 

chamber vith a bellovs on the bottom, he shoved that vesicular sounds 

vere produced by the movement of air vithln the lungs even vhen the 

" trachea and glottlS vere bypassed. Hovever, volume changes of the 

lungs caused by changing the pressure in the bOK vith the upper alrways 

occluded to prevent flov generated no sounds~ He concluded that the 

sounds came From the flow of air vithin the Iungs rather than From flov 
\ . 

at the trachea or From the tissue eKpansion. 

Not everyone vas convinced that the sounds vere produced in 

the lungs. Hannon and Lyman (19J9) thought that the tracheal flov 

could be the source of the higher frequency sounds heard through the 

chest wall. The sound hea~d from the human,chest vas very similar to 

that heard si~ultaneously across an inflated sheep lung placed against 

/ 

the person's larynx, eKcept that there vere more lov frequencies heard 
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over th~ chest. Banaszak et al. (1913) proposed that lung sounds vere 

generated by turbulent flov at the lary~x and at the carinas o~ the 

larger bronchi and that the lung acts as a selective band-pass filter. 

Gavrlely et al. (1981) postulated that the sounds heard over the che st 

vere filtered tracheal sounds. 

Hardin and Patterson (1919) ascribed the production of 

respjratory sound to vortex shifting ln the fifth to thlrteenth 

generations of branchiog'in the human tracheo-bronchial tree. Both the 

~ 

sound intensity and the frequency then would depend on the flov 

velocity through the ~ronchl and on their diameters. Their theory vas 

compared briefly to data for forced expiration, but only in terms of 

the 1requencies of sound that might be generated, not the amplitude. 

1 

It vas used to model insplration, but vithout modification from the 

pattern of four vortices, acceptable for expiration but unrealistic for 

inspiration. 

Kraman (1983a) pointed out that mu ch of the sound detected 

over the chest May have non-respiratory orlgins. Muscle sound in 

particul~r could contaminate the lover frequencies, as contracting 

skeletal muscle 1s reputed to generate sound vith a peak frequency at 

about 25 Hz and a sound pressure of 60 - 10 dB (Oster and Jaffe, 1980). 

The transmission properties of excised horse lung vere 

measured by Rice (1983), but the transfer functlons vere not reported. 

The speed of sound in the parenchyma vas found to be les5 than that ln 

air or ln soft tissue, ranging From 25 to 10 m s-1, dependlng on the 

degree of lung inflation. Sound travelled directly through the 

parenchyma, not through ~he airvays vhere it would have had the 

free-field speed in the air (300 m s-1) vith little attenuation. 
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Kraman (1983b) confirmed that sound traveis at a similar speed in human 

lungs in vivo. Vhite nOlse (125-500 Hz) was applied at the mouth and 

detected at eight points on the chest wall. The maxima of the cruss 

correlations and estlmates of the distance sound speeds of 

23 to 33 m -1 
S The frequency characteristics of the transmission were· 

poorly defined by the data. 

2.4.2 SUBJECTIVE MEASUREHENT or LUNG SOUNDS 

2.4.2.1 Indlces 

The simplest method of quantifying lung sounds is ta 
( 
scale 

subjectively what is heard through a stethoscope. Nairn and 

Turner-Varwick (1969) graded sound intensity from 0 (absent) to 3 
.) 

\ 

(normal) and compared the score with xenon-133 distribution indices in 

emphysema patients. Although the two observers disagreed in 52% of the 

measurements they were with!n one gr,ade of each other in 90% of them. 

The means of the isotope distribution ,ndices increased with the sound 
~ 

intensity score but the means plus or minus one standard deviation 
1 

overlapped for aIl grades. 

Bodhana et al.' (1978) aiso graded sounds from patients 

breathing at their maximum inspiratory flow rates. They found good 

correlations between the sum of the grades obtained ln aIl zones and 

various indices of airflow obstruction. In normal subjects, the sound 

index was found to be related to inspiratory flow rates. 

2.4.2.2 Expanded rime Base 

\ 
If the sounds a~e recorded, other methods of analysis are 

\ 
\ 

available to the investigator. 
\ 

Murphy et al. (1911) examined recorded 

sound by expanding the time s~ le. ~hen the time base 

J 
vas stretched, 

---_._--~~- -
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different waveforms vere distingulshable. Adventitious sounds could be 

differentiated clearly From vesicular sounds. 

2 ..... 3 SOUND SPECTRA 

The frequency content of the lung sounds'could be a valuable 

source of information. Banaszak et al. (1913) studied it using a 

narrow (la Hz) band-pass filter. They measured the sound intensity 

(rms voltage From the m(~rophone) between 15 and 500 Hz in data 

recorded From the right posterior basal lung of subjects. seated in a 

soundproof room. As Flow at the mouth increased, the sound intensity 

increased at aIl frequencies, apparently e~ponentially. No curve 

fitting vas attempted to confirm this form of functional relationship. 

The intensity at the lover frequencies was al ways higher ~han ~hat at 

the higher ones. Inspiration was louder tha~eXPiration, and the 

sounds vere greater at volumes nearer FRC than TLC. The higher 

frequencies vere more attenuated than the lover ones at high lung 

volume. Using similar techniques in patients vith tuberculosis, 

Majumder and Chovdhury (1981) observed more high frequency components 

than in normal subJects. 

Wooten et al. (1918) placed tvo microphones over homologous 

lung segments. The sound signaIs vere amplified, integrated to produce 

the amplitude, or passed through a real time spectrum analyser. No 

high pass filtering Is mentioned in the text but a filter is shown in 

the circuit diagram. (Similarly, the rectification of the sound 

vaveform before lntegrating it is depicted only in the schematic.) The 

sound lntenslty was seen to increase curvl1inearly "'" i th 

instantaneous Flow rate after a threshhold flov vas reached. 
~ 

the 

In the 

presence of an obstruction (mucus plug) the area vas silent despite 
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normal sounds in the surrounding regions. The amplitude of. the sQund 

components at a given frequency as a function of tlme were plotted in 

three dimensions and showed a steady peak near 200 Hz and time-varying 

higher frequency components. Abnormal high frequency sounds showed 

clearly. 

Using the same equipment, Schreiber et al. (1981) studied 28 

normal subjects ranglng in age From 1 to 73 years. The subjects were 

seated in a sountiproof room with paired microphones mounted posteriorly 

on homologous segments of their chests. The Four.ier transforms of 

8 - 10 breaths were averaged. In aIl subjects. the peak frequency was 

between 116 and 225 Hz, with the overall mean being 162 Hz. The peak 

frequency Increased with age. It was higher over tne apex than over 

the base but was the same for homologous segments. 

Urquhart et al. (1981) measured the spectrum of sounds 

recorded From 5 normal subJects ând 15 patients. The subjects were 

seated and a mlcrophon~ was hand held agalnst the ninth or tenth 

posterior intercostal space. No high pass filtering was used. The 

frequency of the maXlmum amplitude components ranged From 5 to 50 Hz, 

in the range of movement artifact and muscle noise. Because of this 

major problem ln methodology it is impossible to interpret the results 

presented by the authors. 

Chowdhury and Majumder (1981) also measured the spectra of 
0' 

breath sounds ln normal subjects and ln patients. Again, no high pass 

filterlng IS mentioned. Frequencies of peak amplitude are reported at 

213 Hz ln normal subJects and at 59 Hz in patients wlth tuberculosis. 

>, 

" 
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l 
Gavrlely et al. (1981) measure~ spectra in 10 normal subjects 

at 5 points on the anterior chest: \ over the trachea, over the right 
,~ 

apex, and over the bases. The sounds vére high pass filtered at 15 Hz, 
1 • 

digitized at 4 kHz and Fourier transformed. Since the peak pover vas 

found a~ 15 Hz, the eut-off of the filtert any Interpretation of the 

spectra is difflcult. In aIl likelihood, the authors were looking at 

the edge of the band that they vere trying to remove by filtering. 

Tracheal sounds vere reported to be approximately white From 

15 to 900 Hz. 

Charbonnea~ et al. \ (1983) measured only the tracheal sound. 

Using a hand-held microphone probe, they recorded the sounds above 

60 Hz in seated normal subjects and asthmatics breathing at peak flows 

of 0.5 L s-1 and 1 L - 1 
S The spectrum was not vhite but demonstrated 

a peak frequency near 200 Hz and a band-width of Iess than 200 Hz in 

normais and of 1ess than 250 Hz in asthmatics. The spectrum was a 

function of Flow rate. On inspiration it shifted to higher frequencies 

at the higher Flow rate in normals but remained approximately constant 

in asthmatics vhile on expiration it shifted to lower frequencies in 

normals and to higher frequencies in asthmatlcs. 

Pasterkamp et al. (1983) recorded breath sounds from healthy 

newborn infants. The peak frequency of the sounds during inspiration 

fell near 150 Hz and that for expiration was about 130 Hz. The 

variation in the sound power among infants vas large, but the 

band-width of the sounds remained similar. AlI showed lower peak 

frequencies on expiration, as if the sounds were more like adult 

tracheal sounds th an like adult vesicular sounds. 
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The reports of the spectral analyses in whicn the methodology 

appears to hav~ been weil consldered give, a peak frequency range 

between about 100 Hz and 250 Hz for adults and slightly less {h 
~ 

infants. Tracheal sounds are in a similar band. 

,2.t.~ SOUND INTENSITY 

In a systematic attempt to relate the intensity of lung 

sounds to reglonal ventilation, Leblanc et al. (1910) re~orded the 

soUnds from the left anterior chest wall at the third intercostal space 

on the mId-clavicular line and From the left p6sterlor chest wall 

3-4 cm below the shoulder blade. Measurements vere made From subjects 

seated upright and in the left and right lateraf decubitus pOSItions. 

The subjects breathed at constant Flow rates through their vital 

capaclties for 10-15 breaths. Sound signaIs wer~ high pass filtered at 

100 Hz before being re~tified and integrated. In sorne experiments, the 

signaIs were band pass filt~ed between 200 and 350 Hz, apparently 

eliminating the expiratory sounds. 

In the upright posture, a family of linear relationships vas 

found between the sound intensity (the integrated, r~ctified, filtered 

signal) and the inspiratory flow rates measured at the same lung 

volume. Generally, the greater vas the volume the steeper was the 

slope for the basal reglon, and the flatter for the apical zone. The 

dlfference between 50% and 10% TLC vas difficult to distlnguish. The 

sound Intensity ln the basal region as a functlon of volume at a 

~ constant flow'rate increased to a maximum between 30% and 50% TLC, then 
~ 

decreased again. In the aplcal zone, it decreased steadily in a 

curvillnear manner. In the laterai decubitus positions the sound 

~ 
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intenslty in the dependent lung exibited a pattern slmilar to that ln 

the base of the upright lung~ and in the non-depandent lung it bahaved 

as in the apex. The sound intensity as a function of total lung volume 

seèmed to depend in some vay on the vertical 9sadient of the 
, 

distribution of volume and of ventilation. 

Ployson'gsang et al. (1911) cont inued to explore the-

relatlonship betveen the lntensity of lung sounds and ventIlatIon. 

They recorded loi i th a pa 1 r oF microphones, 'one on the ri ght anter i or 

·axillary line 5 cm From the lung apex and the other on the same 

verticaL line either 10, 15, or 20 cm from the apex on the chest vall 

, of seated or supine subjects. The subJects inhaled small volumes From 

fRC at flow rates ranging from to 

The recorded sounds vere difFerentiated, band pass 

"filtered betgeen ISO and 350 Hz, rectifled and integrated. In 

addition, white noise (2 to 700 Hz) VIth power from 4 to 9 watts was 
" 

applied at the mouth during 10101 flov rate inSpIrations to meaSure the 

transmission characteristlcs of the lung and chest wall. Mter the 

sound measurements wereocomplQted xenon-133 studies were performed. 

The inst)ntan~ous val'ues of the treated breaU'; sounds and 

transmitted vhita noise signaIs at the three lover positions vere 

compared to those at the most apical point. By consldering the ratio 

of the the sounds detected in one place to the sounds simultaneously 

recorded in another, the affects, of variations vith time pf total lung 

volume, of total Flow rata, and, for the transmitted squnds, of glottic 

aperture, vere ellmlnated., Local variations in Flow, volume, and 

,transmission proparties, in contrast, vere not. The average ratio, the 

"breath sound inde~", vas computed as the slope of the plot of the 

sound intensity at a posItion against the sound intensity at the 
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reference point as both varied with time. The transmission indices 

were computed in an identical manner. The transmission plot produced a 

straight line but the breathingosounds caused a narrow loop to form. 

The inspiratory part was considered to be linear. 

The breath sound index decreased From approximately 1;5 et 

the point 10 cm From the apex to a value only slightly greater than one 

at the pOint furthest down the lung in both the upright an~ the supine 

positions. The transmission pattern was similar, but decreased to a 

------------
• value somewhat less. th an one by the 15 cm position. The authors argued 

that the difference between the ratios of breath sounds and the ratios 

of transmitted white noise at any location indicated that the breath 

sounds were generated near each microphone rather than being 

transmitted From a central point ,of origin. They tHen used the 

transmiSSion ratios to correct for the attenuation of the breath soun~s 

in the chest, despite their arguement that the transmission pathvays 

were different. 

The breath sound indices vere divided by the matching 

transmiSSion indices to generate the "compensated breath sound 

indices". The compensated breath sound indices increase vith distance 

down the 1 ung. In the upright position the change w~s 150% while in 

the supine posture it vas 100%. In discussing these numbers, the 

difference between the transmission pa th for the white noise applied at 

the mouth and that for -the locally generated breath sounds was 

mentioned but could not be corrected. Neither the problem of the 

difference in power levels between the transmitted and generated sounds, 

and its effect on the propagation of the sounds nor the possible 

differential attenuation of the frequency components of the sounds was 

discussed. 

, 
i 
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The treated breath sound sign~ls divided by their mean values 

correlated very poorly (r=0.54) vith ventilation as measured vIth 

xenon-133 ln seated subjects and not at aIl in supine subjects. 

Compensated breath sounds (treated breath sounds divided by their mean 

value, the whole divided by the ratio ~f the treated vhite nois~ 

transmission signaIs ta their mean) correlated slightly better, but 

still poorly with the xenon-133 ventilation measurements in both 

upright subjects (r=O.65) and supine subjects (r=O.56). The 

correlatIon vith regional volume vas similar, vith r=0.61 and r=O.75 ln 

seated and suplne subjects, respectively. Although the relationship 

betveen compensated breath sounds and regional ventilation accounted 

for only 42% and 31% of the variance of the data for upright and suplne 

subjects respectively whIle that between the breath sounds and regional 

lung volume accounted for 37% and 56%, the authors concluded that the 

compensated lung sounds vere a measure of reglonal ventilation. 

Measurement of the compensated tung sound indices was 

continued by Ploysongsang et al. (~978). The sounds vere measured as a 

function of lung volume in 5'nor~al subjects, both seated and supine. 

Transmission was not a strong function of volume in either pOSItion but 

the compensated breath sound indices increased to a maximum at volumes 

,bet~een 4~ and 10% TLe in both positions. The increase vas greater in 
\ 

the more basal regions and was both more distinct in the middle zone 

and at lower 'v~ume in the. apical region in the ~pright than ln the 

supine posture. 

The mean ventilation per unit volume vas computed from the 

data by making several assumptlons. The ratio between the regional 

lung volumes in the upright and the supine position was assumed to be a 

constant for aIl lung regions. The ventilation Per unit volume was • 
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assumed to be unif9rm in the supine posture. Since the compensated 

.... 
breath sound indices vere considered to be a measure of regionsl 

ventIlation, the ratio of the upright ~o supine compensated indices for 

a given region v~s considered to be proportional to the ventilation per 

unit volume. 

In patients with empnysema Ploysongsang et al. (1982) aga!n 

measured breath sounds and vhite noise transmission over the range of 

the vital capacity and compared the data to xenon-133 measurements. 

The uncompensated breath sounds correlated poorly vith ventilation per 

unit volume (r=O.47) and vith lung volume (r=O.4B) but slightly better 

vith ventilation (r=O.70) as measured vith Xe-133. Compensated breath 

sounds correlated poorly VIth ventilation per unit" volume (r==O.38), 

with lung volume (r=O.61) and with ventilation (r=O.6S). 

plotted 
! 

~hen the treated breath sound signaIs from tvo locations vere 
~, 

against each other, a loop "vas seen. Ploysongsang et 

al. (1919) used this ta lnvestigate the dlfference ln phase of the 

ventilation in tvo lung reglons; Esophageal- pressures and breath 

sounds were measured at the same horizontal position ln seated 

subjects. At lov lung volumes, loops vere generated vhen the signal 

From one location vas plotted as a function of that From the other, 

vith the apical signal leading the basal one. Phase angles From 0
0 

to 22
0 

vere computed by measuring the loops on an oscilloscope 

screen. At hig~er lung volumes the pressures and sounds were in phase. 

Ploysongsang (1983) used this method to measure the phase 

'differences of breath sounds in 15 smokers and 19 nonsmokers. The 

differentiated breath sounds From tvo locations vere band pass filtered 

From 100 to 350 Hz, rectified, lntegrat~d. and displayed. one against 
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the other, on an oscilloscope. The microphones were placed on the 

, 
anterlor midclavicular line at points 5 cm and 20 cm From the clavicle. 

Two ather microphones were placed laterally From the Iower position. 

The subjects inhaled 200 ta 300 ml (2 x 10- 4 ta 3 x 10- 4 ~3) From FRC 

at Flow rates From 1 to 5 L s-l (1 x 10- 3 to 5 x 10- 3 m3 5- 1 ). 'tihen 

the apical sIgnal was used as the Y axis and the basal signal was the 

X axis, looping was seen during breathing in a'rf subjects, with the 

apex leading the base. Ilhen the signaIs fr.om the laterally placed 

microphones were compared, however, only some subJects showed a phase 

difference. The leading or lagging was greater ln smokers than in 

nonsmokers. Because sequential ventilation of regions that experience 

the same pleural pressure swing can be caused only by differences ln 

regional time constants, the author sv~~ted that smokers have small 

airvay constrictions that can be measured using lung sound phase 

angles. 

Kraman and his colleagues (Kraman, 1960, 1963c; O'Donnell 

and Kraman, 1982; Dosanl and Kraman, 1983; Kraman and Austrheim, 

1983) have investigated the patterns of lung sound Intensity in 

~/ 

standing subjects. Using two microphones at a time and filtering the 

signal betweer 200 Hz and 1 kHz, Kraman (1980) recorded sounds from 

points s~parated horizontally by From 1 cm ta 6 cm on the back near the 

lung bases and on the front near the api ces of the lungs. Vertical 

separations aiso vere measured on the back and Front. 
? 

Sounds From the 

two microphones were balanced for amplltude before both addition and 

subtraction of the signaIs. The mean amplitude of the difference of 

the tvo signaIs divided by that of the sum of the two was termed the 

subtraction intens~ty index (SrI). 



Page 43 

The rationale for the use of the SII 1S that a single sound 

transmitted vithout phase distortion to the tvo locations vould 'pcopuce 

a SIl value of zero no matter vhat the path difference~ involved. A 

1 a cie: of cance,llation does not imply that the signaIs have different 

sources, because there may be a phase-change during transmission, but 

any cancellation that does occur must result from the detection of the 

same sound twice. The author does not consider a major problem in the 

amplitude balancing to compensate for the dlfferent degrees of 

attenuation that may eXlst in the lung: because the recorded sounds 

are a summation of signaIs from many source, th~ attenuation of any 

particular component viII be different from that of anv other. 

Balancing the mean amplitude viII not ensure a similar magnitude ln tvo 

signaIs for a particular component from a common source unless that 

component is clear1v dominant ln bath. 

For homologous lung segments, the SIr of a vocalized tone 

(central source) vas alvays less than 50%. Vesicular sounds for the 

same locations, hovever, had SIr greater than 80% ln most cases. The 

SrI increased linearly vi th separi~·t i on of the microphones from l,ess 

than 45% and 53% at 2 cm on inspiration and e~iration respectively. A , 

loud pleural rub gave an SIl of 100% at 2 cm separation. 

- ) Because of the different degrees of cancellation of the 

\ 
signaIs, the authors concluded that the sour7~ sound o~e~Piration 

is more central than it 15 on inspiration, but that the vesicular 

sounds are produced peripherally in bath cases. The source of the 

sounds vas more cen~ral th an the pleura, but it vas impossible ta 

define the location. 
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W} th a computer the data, Kraman <19B3c) made 
.." . 

further measurements. SignaIs From tvo micropnones vere band-pass 

filtered-bet",een 200 and 625 Hz for that part of inspiration ",here the 

Sounds vere 

, '-
recorded at 2"1 po i nts around the poster i or chest near the 1 ung bases 

and the anterior chest near the apices. The SIr ",ere difficult to 

interpret, but the sound intensities themselv~s lIere significantly 

different betlleen sides in 1 of 9 ~ubjects at the bases and in 6 of 

/ 
them at the ap i ces. Nêitller side/ lias consistently louder than the 

/ 

other. As the / 
amplitude of the sound vas reproducible in successive 

measurements, this demonstrated clear heterogeneitv of lung sounds in 

standing nqrmal subJects. 

O'Donnell and Kraman (19~21 prepared detailed maps of the 

~\~lung sound intensity over the thorax in normal subjects. Sound signaIs , 

from two microphones were barfd passed between 150 and 100 Hz and 

sam'pled IIhen the flow at the lIouth was greater J than 

The sound amplitude lias averaged over 3 breaths 

at each point in a 2 cm x 3 cm grld. ,The amplitude over the anterior 

" chest lias greate~t_over the apices and decreaséd tOllard the bases, but 

on the posterior chest ",aIl, the maximum amplitude occurred a_ver the 

lung bases. Furthermore, in the lateral direction around the chest; 

although the ~verage sound amplitude from aIl the subjects ",as roughly 

constant there was much point to point variation in each individual and 

the left lung sounds were aillays louder th an the right. These results 

cast doubt on the interpretation of the lung sounds as a measure of 

regional ventilation. 
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Kra.an and Austrheim (1983) repeated the mapping procedure in 

7 'subjects, lIIeasuring for one breath at each point. The sounds vere tlï' 

band pass flltered between 100 and 1100 Hz. Transmission maps using 

noi se, vhite betveen 50 and 500 Hz al'ld injec~ed at the mouth vere 

\.---~,/ 
AlI transllit.ted sounds"vere normalized by the signal plotted also. 

recorded simultaneously over the glottis to correct for the variations 

in the glottic aperture. The sound .. aps vere in agreement \ti th those 

produced prey i ous l y. and the transm i ssion maps over the ri ght anteri or 

chest matched the data of Ploysongsang et al. (1911>, but over the laft 

anterior chest vhere the other i nvest i gators had not measured t the 

transmitted sound amplitude vas as little as haif ·that over the 

• homologous segments. Loudness of transmltted vhite noise vas not 

related to the thiclcness of the chest \tall as measured vi th a CT scan. 

1 
The explanation proposed for this phenomenon vas that sound inJeeted at 

the mouth passed directly through the tracheal wall and right 

mediastinal pleural surFace into the right lung but had to pass through 

the left airvays to reaeh the left lung because the full thi"clc:ness oF 

t~e medlastinum lnsolates the left lung From the trachea. T~e 

meehanism of sound transFer from-the mouth to the chest wall vould seem 

to be different From that of lts transfer vithin the lung. The authors 

concluded that it 15 inadvisable to use transmission from the mouth to 

characterize sound transfer vithin the lungs. Beeause the lung sounds 

vere""louder over the left slde of the chest and the transmitted white 

noise vas louder over the right side, sueh an application would have 

led to the unlilc:ely concluslon that the venti latlon in the left lung 

\tas more than tw ice that in the right 1 ung for an erect normal subject. 

( 

<{If" 
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attemp~ed to correct for the flow rate variation during breathing. 

Sounds vere recorded from a la )( 10 grid on the posterior chest lIall 

while subjects breathed deeply. The mean amp 1 i tu de of each 25 ms 

segment after the Fioli reached 1 .3 L -1 
S \las 

divided by the mean airflov for the same segment. 1.11 the ratios 

produced, the sound amp 1 i tude indices, \lere averaged to °produce the 

sound amplitude index for the, grid coordinate. The authors (ound a 

difference for this index betveen inspiration and e)(piration" marked 

intersubject variation 1 in the intensity of breath sounds, a lack: of 

bllateral symmetry in erect subjects, and a decrease in the sound 

intensity in the 5capular region but none over ribs. 

The division of the sound amplitude by the ----+low to produce 

the sound amplitude index implies that the relation betwee!' sound and 

floll is 1 Inear. ln a recent study, Kraman (198"1) examined the 

assumpti on. Four standing subjects lIere studied. Sounds from tllO 

microphones \lere recorded as the sub.ject inspired to peale: flolls betlleen 

1 .5 and 4 L 5 - 1 For 20 breaths. The sounds IIere hi gh-pass fi 1 tered at 

200 Hz and recorded for later sampling at 5 kHz. Only th'~se Flows' of 

1 .... L 5- 1 or more lIere analysed. 

The root mean square va 1 ues of the sounds, the sound 

ampl i tudes, vere taken in 25 ms increments. Either the maximum or the 

mean of the sound amplitude segments during a breath vas paired II{th 

the peak flow rate, instead of matching the sound ta the simultaneous 

flo\ls. The sound amplitudes also \lere d{"ided by the flows (lIflov 

corrected") beFore being averaged over a breath, as had been done ln 

the study of Dosani and Kraman (1983) • The maximum, mean, and 

corrected sound ampl i tudes vere plotted against flo11 on a breath ta 
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breath basis, and linear regressions vere perTo med. The data were 

scattered but the regression coeFficients vere acc table, ranging From 

0.69 tç 0.88 for the me an and maximum sounds. ,Hoveve , in three oF the 

four cases analysed, the corrected sounds vere funct( s oF the flow. 

The author surprisingly dismissed this point as uni portant and 

l' 

maintained that, since the correlation coefficients obtai ed vith a 

\ third order polynomial fit were no better th an those for the linear 

fit, the relation betveen sound amplitude and flow vas linear. The 

coeFficients of the flov terms in the higher arder relation vere ot 

presented, nor was' it considered that the 'choice of only hlgh flov 

, 
rates vould make the distinction betveen a quadratic and a linear 

function more difficult, particularly vhen the data vere scattered. 

The 1 ineari ty of the relationship seems doubtful. 

The literature of lung sound measurement indicates a number 

of controversle5. The origin of the lung sounds i5 not established, 

the methodology for their measurement Is not clear, and their precise 

meaning and quantitative clinic;:al utility remains a mystery. In ail 

the reported mea5urement5, the inter5ubject variabi 1 ity 15 extremely 

) 
high. 

h 
Although some interpretations have been proposed for the sound 

indices, they are, for the most part, based on very shaky correlations. 

Before breath sounds can be used as a quantitative measure, more 

measurements and careful analysis are required. 
b , 

o 
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CHAPTER 3 

THE PLEURAL PRESSURE-DRIVEN "DDEL 

3.1 INTRODUCTION 

Keasurements made vith xenon-133 shoved that inhomogeneities 

in pleural pressures vere highly significant in determining the' 
/ 

distribution of boli at high~r flov rates '(Sybrecht et al~, 1916), I~ 

washout studies' also, the changes in distribution vere found to be 

functlans of the chan~es in the pleural pressure distribution CSampson 

and Smaldone, 1984).' A t~o-compartment model of breathing 'driven by 

the pleural pressure therefore ~as develoRed. The pleural pressure 

swings on the compartments are independent of each other in both 

amplitude and'phase, and the pressure vaveform may be sinusoidal, 

triangular, or square. 

3.2 THE MODEl 

The lung vas modelled as the paraI leI combination of tvo 

campartments, a resistance in series vith a compliance, each vith 
, 

identical intrinslc properties. A comman resistance connected the tvo 

(Fig. 3.1). The compl1ances vere non-I.1near functions of volume, the 

common resistance vas a linear function of total flov rate, and the 

compartmental resistances vere non-linear functions of regional volume 

and flov rate. A statie difference in the pleural pressure betveen 

compartments represented the hydrostatic gradient betveen depandent and 

on-dependent lung regions. 
/") 

The time variations in pleural pressure, 

th driving force for ventilation, could differ in amplituâe, phase and 

vavef rm between the compartments. 
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rig •. 3.1 A representation of the two-compartment model. The two 
co.partments are characterized by their compliances CI. resistances. 
RI. alveolar pressures PAl. f"lows. CI and volumes VI. The comman 
reslstance Is Re causing a pressure drop Pm-Pb when the total Flow i~ 

Q. The time-varving pleural 
hvdrostatic difference, àP. 
pleural pressure swings. 

press~:e~- Pp, and P p 2 separated by the 
A Pha5~' rerence e .aV .,'st betw~.n the 
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The governing equatlons of' the model are as F01lows: 

In the common pathway, 
.; 

P.- Pb = Re QI (3.1 ) 

Q = Q, ... Q2 (3.2) 

where p .. 15 the pressure at the lIouth, Pb is the pressure at the 

, 
bi furcat ion, Re 15 the common res 1 stance, Q "1-s the volumetric flow 

rate, and the SUbscrl~ 1 and 2 refer to the com~artments. 

In the ~olllpartJnents (i = 1, :2): 

C3.:3 ) 

(3.",' 

-,th.ra PAl 15 the alveol ar 'pressure, RI ls the res! stance, Cl 15 the 

co.pltance, P p 1 ls the pleural pressure and Ql is the volume of the 

The compliance and the transpulmonary pressure "ere computed 

rra. the hyperbollc-slgmold pressure volume curve proposed by Murphy 

and Engel (1978): 

p = (3.5) ------+ • • • • + Cl 
(V •• ,,- V ) CV 1I1n- V ) 

• • • • ) l -CV •• ,,- V ) l (V IIln-V YC 
C = X C 3.6' • V·l l ... • • :1 CI CV IOln- C2 CV mlx-V 1 100 

• lihere V '" 100(V-RVl/VC , V is volume, VC the vital capaci ty, RV the 

• • res7dual volume, and CI. Cl. C3. V max and V IlIln are parameter5 oF the 

curve. Data From Gibson et al. (1976> for healthy young men lIere 'used 

to rit the parameters <Table 3. Il. 



Page 51 

L 

TA8LE 3.1 

CONSTANTS OF" THE CO"PLIANCE AND RESISTANCE RELATIONSHIPS 

Compl iance Volumes 

Ct = 1 500.0 cm HJO TLC = 1.2 L 
c

2 = 50.0 cm HJO RV = t .4 L 
c

3 = -8.5 cm HJO 
~ 

• V .max ;; 135 % 

V min ;; -2 % 
~<~ ~ 
11" ,,,-

Resistance 
Compartments COlllllon 

/ kl = 0.3 0.3 Cil! HJO sl'L 
k J = 0.4 Cil! HJO sl'L 

k3 = -0.11 1.0 
k .. = 0.3 0.0 1I'L 

\ 

' . 

.. ' 

\ 

L 
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Resistance as a function of floll rate and volume was 

calculated using a combination of Rohrer's equation and that of Blide 

et al. Cl 96 -4 ) : 

(3.1) 

for i=I,:2,c. The kJ' j=l, 4 are constants <Table 3.1). 

Data from several sources (Blide et al., 1964; Jaeger and' Matthvs, 

1910; Briscoe and DuBois, 1958) were used to calculate the parameters. 

The equat i ons for the fi 011 rates were rearranged and comb i ned 

into tliO non-linear first-order ordinarv differential eQuations. These 

lIere solved using either a second order Runga-Kutta method (Heun 's 

met-hod) (Dahlquist and Bjorck, 1914) (Chang and van Grondelle, 1981; 

Shykoff, van Gronde Il e and Chang, 1982) or a pred i ctor-corrector method 

(fLAP) (Elliot, 197:2) within Nexus (Hunter and Kearney, 1984). The 

compartmental floll rates were integrated to yield the individual tidal 

volumes, the ratios of which were used to define the distribution oF 

ventilation between the two compartments. The effects of amplitude, 

frequency, ampJ i tude ~ê 
ratios, phase differences and startin~ volumes 

lIere studied for sinusoidal pressure swings. Amplitude effects were 

examined also with triangular and square wave pleural pressure 

variations. 

3.3 RESULTS 

3.3.1 TIDAL VOLUME DISTRIBUTIONS 

~.3.1.1 [qual Pleural Pressure Slnngs 

\then the ampl i tudes of the pleurral pressure swings on the 

compartments ",ere the same and the compartmental capacities identical, 

t 

the distribution of venti lation was nearly i ndependent of the 

. , 
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ampli tude. Vhen the static pressure difference was 2 cm H::lO (196 Pa), 

f"or a sinusoidall y l, varying pleural pressure of" frequ~ncy 

15.breatns 1111n- 1 with a functional residual capacity (FRC) of 54% TLC 

(total lung capac1tyl, the ratio of non-dependent ta dependent tidal 

volumes was O.82tO.01 for amplitudes ranging From 0.5 cm H20 -ta 

5 cm H20 (49 to 490 Pa). The ratios decreased by approximately 6% vhen 

the amplitude increased by a factor of five. The values for a 

30 breath per minute sinu50id were almost superimposed on those for the 

10wer' frequency (Fig. 3.2a). The tidal volumes at the'higher frequency 

1 
vere slightly greater than those at the lower frequency f"or the same 

excursion of pleural pressure (Fig. 3.2b). Vhen the static difference 

in pleural pressure (Fig. 3.2c) vas 4 cm H::lO (392 Pa). the tidal 

volumes vere distributed more preferentially to ,the more dependent 

compartment and the decrease in the ratios vith increasing amplitude of 

the pleural pressure svings vas more marked. 

3.3.1.2 Unequal pressure ampll'tudes 

Vhen the ratio of the amplitudes of the pleural pressure 

swings on the two compartments was different From unity. the tidal 

volume ratio vas altered but remained essentially independent of 

amplitude (Fig. 3.2a). The ef"fect of the amplitude ratio itself on the 

distribution was marlc:ed (Fig. 3.3), vith approximately a 5% 'increase in 

the tidal volume ratio for a corresponding 5% increase in the amplitude 

ratio. The exact changes depended 0 on the frequency and on the 

magnitude of the pressure svings; changes were greater for higher 

f"requencies and smaller amplitudes. 
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Fïg. 3.2 Effect of t.he amplitude of" the pleur~l pressure sving. The 
l'''atio of amplitudes ~.,/A2 15 constant. al Ratios of tidal volumes, 
non-dependent te dependent compertment: Stetlc pressure di fference 
âP = 2 cm H20. Squaras-- Al=A2. frequency f=15 breaths mln'-,; 
TI"'1ang1es-- A,=A2' f=30 breaths min- 1

; Oiamonds-- A,=1.2Al. f=15 
breatns min-'. b'> Total tidal volumes corl"'llspondlng ta aL cl RatIo 
of tidal volumes, non-depandant to dependant campartment. Squal"'es--
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Fig. 3.3 Effects of pleural pressure ratio. Ratios of tldal volumes, 
non-dependent to dependent compartment as a function of the ratios of 
pleural pressure amplitudes '\111\2. ') bP, = 2 cm H20. ~ al 
f=15 breaths min- I • Squares-- 1\,=1.25 cm H20; Triangles--

.A,=2.5 CIII H20; Diamonds-- A,=5 cm H20. bl 1,,=1.25 cm H20. 5quares--
f=15 breaths min-I;' Triangles-- f=30 breaths min- I ; Oiamonds--
f=45 breaths min-I. . 

------------ ------_. 
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3.3.1.3 Phase Di f"rerences 

The phase rel ationsh i p between the pleura 1 pressures on the 

dependent and non-dependent compartments al so lias seen to affect the 

distribution of tidal volumes (Fig. 3.4a). Over the range of angles 

From -30 0 to 30°, the distribution ratio decreased by about 14% 'rIhen 

the pressure slIings lIere both 1.5 cm H20 (147 Pa) and by ab'out 17% 'rIhen 

the non-dependent compartment experlenced a varlation in pressure of 

1.5 cm H20 (141 Pa) and the dependent compartment, of 

(122 Pa). The compartment in whic~, the pressure change lagged receiyed 

a larger tidal volume than it did IIhen in phase. The overall tidal 

volume lias not arfected (Fig. 3.4bl. 

3.3.1.4 5tarting Volume 

The results discussed above 'rIere obtained For excursions in , 
/ 

"[ , 

volume increasing from a constant functional residual capaci ty IFRC) of 

,3.9 L (3 x 10- 3 m3 ). When the same variations in pleural pressure 'rIere 

applied at difFerent starting volumes', both the tidal volume and its 

/ 
distribution between the compartllents lIere altered (Fig. 3.5>' For 1011 

starting volumes Cless than 45% total lung capaci ty) the non-dependent 

compartment rece i ved more of the air. At higher starting volumes the 

distribution favoured the dependent zone, but as the volume Increased 

from FRe, the distribution became more uniform agaln. The tidal 

volumes delivered increased slightly From the values at the tOllest lung 

vo 1 uII)es ta a max i mum near FRC 1 after 'rIh i ch there 'rias a substan t i al 

decrease at higher volumes as the increasing stiffness of the lung t.oolc 

efFect. 
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3.3.2 'FLOW RATE 

Altnough the applied pleural pressure swings were sinusoidal, 

tne resultant flows vere deformed by the nonlinear compliances and 

1,..,. 
resistances. One effect of this .was to shift the maximum and minimum 

flows in the tvo compart~ents relative to each other when a hydrostatic. 

gradient existed between them <Fig. 3.6a, dl. liith a static difference 

of 2 cm H20 (196 Pa), vhen the amplitudes of the pleural pressure 
1 

swings vere 1.5 and 1.25 cm H20 (1~1 and 122 Pa) on the nondependent 

and dependent compartments, respectively, the tidal volume distribution 

ratio vas unit y and the total tidal volume vas 100 ml 

The maximum flov rates delivered to the 

compartments vere also similar, but they occurred slightly earlier in 

the nondependent zone. Under the same c~nditions but with a phase 

difference between the pleural pressure swings, the dependent 

compartment leading by 15°, the tidal volume distribution favoured the 

nondependent compartment <Fig. 3.~a). Similarly, the maximum flov te 

"-

the nendependent compartment was greater than that to the dependent one 

(Fig. 3.6b). Interestingly, the maxima in the tvo zones occurred 

almost simultaneously, the pressure lag having compensated for the 

delay seen ln the zero phase difference case. For a phase difference 

in pleural pressure swings of 15° in the other direction, vith the 

dependent compartment lag9in9, the tidal volume favoured the depandent 

compartment slightly (Fig. 3.4a). The slightly greater peak flows also 

occurred in that compartment (Fig. 3.6c). The phase difference vas 

more evident in the flows in this than in the previous case. 

Î 
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Significant lags betveen\the Flovs in the tvo compartments 

could be generated with extreme differences in the amplitudes of the 

tvo pleural pressure swings ev en vhen thèy vere in phase. Vith a large 

statlc pressure difference as weIl, the effects were dramatic 

(fig. 3.6d). The maximum flows ln this example vere almost one quarter 

"-
of a respiratory period apart. Furthermore, the alrflow vas not direct 

fro. the mouth te one or oth~r compartment. For the first half of the 

fl111ng cycle of the dependent compartment, the nondependent one vas 

e.ptying, its expirate transFerring to the dependent zone. To a lesser 

degree, part of the inspirate of the dependent compartment vas t~e 

early e~pirate from the nondependent region. Thus, pendelluft cou1d be 

generated in the absence of intrinsic time constant diFferences. 

3.3.3 VAVEfORM EFFECTS .. 

3.3.3.1 Tidai Volume 

The effect of amplitude on the dis~ribution of tidal volume 

was examined for a triangular (sawtooth) pleural pressure variation. 
1 

Vith equal pressure swings on the tv~ cQmpartments, the behavior was 

very similar to that with the sinusoidal variation (Fig. 3.1). The 

distribution was Independent of the amplitude of the applied pressure 

swings. The tidal volume for a given amplitude was slightly less th an 

in the sinusoidal case, since the lover pressure occurred for a 

• 
slightly shorter time. 

Vith a square vave pleural pressure swing, equal on botn 

compartments, the tidal voluMe distribution again varied only sllghtly 

vith the amplitude of the driving pressure, but in this case, in the 

oPPPslte direction (Fig. 3.1a). For a five-fold Increase in the 

/ f. 
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amplitude o( the pleural pressure sving, the ratio of the tidal volumes 

,in the nondependent to dependent compartment increased by 8%. The 

total tidal volume delivered vas sirnilar ta or slightly larger than 

that vith a sinusoidal pressure variation (Fig. 3.7bl. 

3.3.3.2 Flow Patterns 

The patterns of flaws generated by the ,di fferènt pleural .,. 
pressure svings diFfered considerably (Fig. 3.81. For sinusoidal 

changes the flows were nearly sinusoidal, for triangular pressure 
\ 

swings, approximately square waves, and for square wave pressure 

differences, roughly exponentially decaying from an initial impulse. 

Vith the same amplitude of pressure swings in aIl cases, the maximum , 

Flow rates from the sinusoidal and triangular vaveforms vere only about 

one tenth. of those vith the square vave pressure, but the flow 

continued throughout both inspiration and expiration, vhile it reached 

zero before the end of both the inspiratory and expiratory phases in 

the square wave case. Maximum flows occurred near mid-phase in the 

sinusoidally driven case, in the early part of the phase in the 

triangular wave case, and at the very onset of each phase in the square 

wave driven case. 

3."1 DISCUSSION 

3.~.1 NON-LINEAR PRESSURE VOLUME CURVE 

When the amplitudes of the pleural pressure swings on the 

compartments vere the same, regional time constants might have been 

expected to control the distribution of the tidal volumes. However. 

the distribution ratios were almost independent of the depth of 

L 
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breathing. The tidal volumes generated by the pleural pressure swings 

used in the simulations vere small relative to the. vital capacity of 

the simulated lung (5.6 L)(5.6 x 10- 3 m3
), and the changes in the lung 

compliances caused by the volume swings vere small enough that the 

ratios betveen the compartments remained similar when the pl~ural 

pressure svings on both compartments vere identical. When the 

locations of the compartments on the pressure volume curve vere further 

~. 

~part (Iarger static pressure difference), the effect vas more 

pronounced.
V 

u 

The difference from unit y of the distribution ratio for 

sinusoidal and triangular pleural pressure variations reflected the 

nonlinearity of the pressure volume curve. The initial values of 

compliance were dissimilar because of the different local starting 

volumes. As the lung inflated above FRC Lt became stiffer; this was 

evident in the 
, 

model results as the slight ~ease in the ratio of 

nondependent to dependent tidal volume as the amplitude of the pressure 

swings was increased. The non-dependent compartment was operating onto 
\ 

the stiffer portion of its pressure volume curve vhile the dependent 

compartment remained more compIlant. Because the flov rates were low 

the resistances were less important than the 

comp~iances ln determining the distribution of ventilation vith 
) 

homogeneous pleural pressure swings. 

3.4.2 PLEURAL PRESSURE RATIOS 

If the pleural pressure swing over the nonde~endent 

compartment was slightly greater than that over the dependent zone, the 

differences in compliance of the two compartments could be overcome. 

In the simulation, an upper pressure swing 1.2 times the lower pressure 

/ l 
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s~ing caused an al.ost uniforM distributlon betveen compartments. This , 
distr-lbutlon ratlo varled wlth the magnItude of the pressure s~lngs in 

a siMllar fashlon to that ~ith equal excurSIons of pleural pressure 

(fig. 3.2 al. 

The ratio of the pressure swings had a strong influence on 

the ratio of the dl$tributi~ns of tidal volume. A larger pressure 

driving force generated More flo~ and therefore Do~e tidal volullut in 

the COMpartment over which it operated- (Fig. 3.2b, dl. 

The a~plitude of ,the pleural !pressure swings modified the 

affect of the pleural pressure amplitude, as did the frequencles. 

Larger pressure s~ings, and thus larger tldal volumes, caused thlit 

distribution to become More even, vhile hlgher frequencies accentuated 

the dlfferences (Fig. 3.3). ~he larger tldal volumes generated by -the 

higher pleural pressure swings changed the r~ional compliances of the 

Model co.partMents by moving them along the non-11near pressure-volume 

curve. The compartment that was more inflated at the start of the 

inspiration became stiffer when the amplitude ~as greater, and the 

other' compartment inflated proportlonally more. These alteratloni'ln 

the volu~e distribution would allov both reglons to be inflated equally 

by a vital capaci~y breath. The changes in the compllance outweighed 

the changes Ir Flow rate and their interaction vith the reslstance. 

The influence of the frequency, however, was to lncrease the flow 

without changing the operating po1~t of the lung on the pressure-volume 

curve. The higher resistances of the less expanded raglon then caused 

more aIr to enter the compartment that was already larger. The changes 

seen wlth freqdency were caused by the reglonal resistances and 

compllances, that 1s, by the reglonal tlme constant. 

----------------~~_ .. ~-.-
--....,..-._-~I"'"'' 
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In this model the amplitudes of the pleural pressure 

variations on the tvo compartments may differ. Physiologically such 

variations occur. D'Angelo et al. (1914) found that the pleural 

pressure variations at the diaphragms of spontaneously breathing dogs 

vere less than those measured in the intercostal spaces. Daly and 

Bondurant (1963) found that the pressure changes measured vith 

hypodermic needles inserted in the intrapleural spaces in human 

subjects vere smaller over the upper che st than over the lover regions. 

Roussos et al. (1916, 1911) showed that the patterns of muscle use 

during breathing altered the distribution of ventilation, presumably by 

affecting the pleural pressure distribution by changing the shape of 

the chest vall. Sampson and Smaldone (1984) demonstrated that the 

ratio of vashouts in different lung regions varies as a llnear function 

of. the ratio of the pleural pressure swings. In the model, the ratio 

of pleural pressure changes was seen ta exert a very strong effect on 

the distribution of a tidal volume between the compartments (Fig. 3.4). 

3.4.3 PHASE DIFFERENCES 

Phase differences between the pressure swings on the two 

compartments of the model are possible. Such differences vere observed 

under normal conditions by Ploysongsang et al. (1919) using tvo 

esophageal balloons. Sequential emptying of the lungs in lateral 

decubitus subjects vas documented by Frazler et al. (1916). Phase 

differences in the flow per unit volume also vere measured ~sing 

radioactive krypton-Blm in subjects in the Iaterai decubitus position 

(Chapter 5). However, as vas shown in Fig. 3~6b, a lag in the FIQw 

FroM one compartment does nat require that the pleural pressure swings 
l 

be out of phase. 

---,,------ l 
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The compartment of the model in which the pleural pressure 

lagged experienced an increase in tidal volume relative to the other. 

By leadlng the ether compartment in pressure variations a reglon aiso 

~ 

led in filling. Since the compliance decreases vith volume above F~, 

this càused the compartment vith the leading pressure swing to be 

stiffer th an lt would have been if t~e fill1ng vere in phase vith or 

lagging the other compartment. When the dependent compartment vas 

leading, the difference in compliance betveen the dependent and 

nondependent zones vas reduced, leading to a more uniform distribution 

of the tidal volume. 

~.4.4 DIFFERENCES FROM CONSTANT FLOW INSPIRATION 

The distribution of tidal volumes for any chosen vav~form in 

this Model was almost independent of the amplitude and ~requency of the 

pleural pressure svings ln th~range measured, and hence, of the flov 

rate of air. Pedley et al. (1912) found a strong flov rate dependence 

of the distribution of instantaneous flovs measured at the same lung 

volume. A number of factors contribute to the difference. 

\ 
Before attempting ~o explain the differences betveen the tvo 

,models it was necessary to ensure that they they vere comparable. 

Values of the instantanous flow distribution Q,/Q2 vere computed using 

j 
the expressions for resistance and compliance From the tidal breathing 

model. The results for constant inspiration vere similar to those of 

Pedley et al. (1912) (Fig. 3.9>' Thus, the differences betveen tidal 

breathing and constant inspiratory flov rates resulted not from the 

models but From Inherent diffe~ences between tne modes of breathing. 

-
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The lnformatlon obtalned From a,model of,tidal breathing IS 

dlfferent From that glven by a model of bolus inhalation. In e)(amlnlng 

the ratlos of tidal volumes one conside~s the overall dlstrlbutlon of 

alr throughout the Insplratory cycle. Any tranSlents WhlCh may occur 

• are averaged wlth the rest of, the InSplratory flow. In conslderlng the 

instantaneous flow ratlos at a constant lung volume one may be . 
comparlng a transient at one flow rate to steady~stat~ flow at another. 

t!J 
The duration of transients 1s governad by time constants which are only 

weak functions of flow rate while the ti~e for full inspiratlon IS 

strongly dependant on the flo... Thus, the tldal volume ratios and the 

lnstantaneous flow ratIos are measures of dlfferent phenomena as are 

bolus studies and tldal volume distribution studies. 

Pedley et al. (1972> found a 0 flow rate dependence of the 

ratlo of tldal volumes ln the two compartments or thelr model durlng 

breathing at a constant flow rate although it was less marked than that 

sean for the instantaneous flows. In contrast, with the cycllc 

breathlng model the distribution of a tldal volume .. as nearl y 

lndependent of flov rate. The difference can be understood ..,ith 

reference to fig. 3.9. Ouring Inspiration at constant flo .. , the 

distribution of a tidal volu.e .. as dater.ined by a vertical line on 

fig. 3.9: at a given total flov as the volume accu.ulated, the local 

flow distributions layon subsequent curves of increaslng lung volume 

and the tidal volume dIstribution was a .. eighted sum of the different 
1 

flov distributions. During cycllc breathing, hovever, the flo .. rates 

changed durlng a breath. Instead of follovlng a ~e~tlcal Il ne on 

F"~g. 3.9, the local flow distributions described a loop, wlth lov flow 

rates occuring at lov volumes, hlgher Flow rates at intermedlate 

volumes, and lov rates again at the highest volumes attalned during the 
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obreath. Even for the relatively constant flo~s generated using a 

triangular vaveform. there vas a decrease in the Flow as inspiratio~ 

continued (Mg. 3.8b). The tidal volume ratio thus produced' differed 

froM that at a constant rate of Flow. 
.. 

1 

3."'.5 VAVEFORHS 

The difference betveen the tidal volullle distributions 

generated vith sinusoidal and triangular pleural pressure swings was 

minor (Fig. 3.7) because the differences in the instantaneou5 flow 

rates (Fig. 3.8a, b~ averaged out. ,The square wave Flow, however, was 

dOlllinate,d bV the impulse at the start ( Fi 9 • 3 • BC> • The effect of 

resistance vas more important than that oF compliance ln determining 

~he distribution of the very high initial flevs. Al though the 1 ater 

flews vere distributed more by the ratio· of ,the campI iances, the spikes 

" contributed slgnlficantly to the total tidal volumes, and thus the 

distributions were different From those generated vith sinusoïdal 

pressure svings (Fig. 3.1>. 

Because high Flovs of short duratien vere generated vith the 

square wave pleural pressure SWings, the tidal volume distribution 

pattern From this waveform folloved a trend s1ml1ar to that seen for 

bolus distributlon. The Flow pattern, a series of short fast gasps. Is_ 

not, however, physiologically normal. Natural tidal breathing lies 

somevhere between the sinusoidal and 'triangular pressure sving 

patterns, resembling the sinusoidal pattern more on jnspiration and the 

triangular pattern more on expiration. These pleural pressure driving 

forces should be the ones used to simulate tidal breathing. 

'. 

T 

\ 
\ 
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3.5 CONCLUSIONS 

F"or tidal breatning vith pleural pressure as the driving 

force, the magni tude of the pleural pr-essur,è, svings for any of t.he 

thrae vaverorms considered had lit.t1e erfect on the distribution of t.he 

tidal volume. Whe" the derivative or the pressure svings at F"RC VBS 

finit.., t~he distributions of tldal volumes were influenced by the 

r8"lonal complianca. When the derivative of the pressure sving at F"RC 

vas an i~pulse vhich generated a rlav spike, the resistance of the 

co.part.Ulnt5 bec am a important ln determining the distribution of tidal 

volullle. 

With sinusoldal changes in-'pleural pressures, both the ratio 

of the' amplltudes of the pleural pressure svings and the startlng 

volume affected the dlstributlon af tidal volume strongly. Phase 

i s t r 1 bu t i on than did 

pressure sv1 ngs had a greater SfJon the 

the magn itude of the ind 1 \1 i dual pressure 

differences betveen the 

var ations. Con\lersely, large ,chfferences bet..,een the pleural pressure 

swings generated Phà5e differences ln flov. 
JrI 

e distribution of the pleural pressure, the driving force 

for breathi appears to be the primary determlnant of the 

distribution bf entllatlon. However, the air flov i5 controlled by 

\ 
the i nstantaneous values of comp 1 i ance and ras i stance. Undar 

physiological conditio 5, major changes in ventilation distribution 

probably are determined changes in pleural pressure distribution and 

phase whtle the resistances nd compliances exert secordary effects. 

Indeed, in measurements vi t, the isotope, krypton-8lm (Chapter 5>, 
i;l.. 

changes in tidal volume and frequ~ncy had no effect on the dist'rlbution 
\1 \ 

of tidal air in the lungs. 

f 



CHAPTER '" 

A MDDEL O~ KRYPTON-S'. DYNAMICS IN THE LUNG 

4. t INTRODUCTION 

Vnen a r~dioactive tracer Is used in the lungs, the quantlty 

lIIeasured directlv is tne activity of the gas in 'the lung regions. To 

interpret the results in terms of ventilation or' volume, a model is 

used. For steady state measurements, because the time variations of 

. 
breathing are not con5idered, the models can be fairly simple. 

I)J 

However, when the variations with time are to be 5tudled, more detailed 

analysis Is necessary. For the krypton-SIm activlty in the lung during 

cycllc breathing, the time scales of decay and of transport are 

sufficiently similar that botn must be considered • 

. ~ 
4.2 THE MODEL DEVELOPMENT 

Consider Fhe lung to be composed of conducting airways in which 

the sole transport mecnanism for krypton-Btm is convection, in series 

with a respiratory zone where aIl transport 15 by molecular diffusion. 

Define the inspiratory flow as positive. The axial coordinate 'x has 

its origin at the trachea. Let the cross-sectional area of each lung 

\ 

reg ion i ncrease exponentiall y 1/ i th di stance. In the conducti ng zone, 

the area varies with time, while in the respiratory zone, because there 

is no bull<: flow, there can be no expansion. Transport throughout tne 

lung occurs in the axial direction only, because even where the 

cross-section is very large, it is composed of multiple narrew airl/ays 

in parallèl. 
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4.2.1 THE CONDUCTING AIRVAYS 

4.2.1 .1 The [qua t ion 

In tne eonducti ng alrvays, the lIIasS balance for krypton-BI III 

~!Yes 
, 

On • 

~ tiQU.. ACA 
= 

("'.1 ) 
at 

ans ion, 

~= 
at 

where 

and 

ax 

th!s becomes 

~~ AC Ç. iM M·: ( .... 2l 
~, + 

è>tJ A è>x A ax .. 
C(x,t) = (local !crypton concentration) 

(inlet !crypton concentration) 

.Q(~ = the volumetrie Floli rate 

A(x,t\= the cross-sect i ana l area of thé 
\ 

"-
mln- 1 = 0.053 5- t A = "3.2 

airvays. 

= the deeay constant ot'!crypton-8Im 

Beeause the air",ays are elastle, tne eross-sectlonal area A Is 

Il function of both distance and Ume. IIhen the alr",ay cross section 

varies, the change in volume 1s r:-efleeted in the distance dependenee of 

the volumetric floll Q. Fioli Is unldirectlonal do",n the airvays. Thus, 

from the equation of continulty for the system, 

(<4.3) 

and the Eqn. 4.2 simplifies to 

"'.2.1.2 BouncJary Condi et ons 
" 

The concentration at the trachea is constant during inspiration. 

C (O,t) = 1 O<t<Tl (-4.5) 

vhere t = 0 at the onset of 1 nspi rat 1 on and t '" Tl at the end of 

, , 
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inspiration. 

The concentration must be continuous from cycle to cycle. 

C(x,a> ;::; C(':" Tt> v x ("1.6) 

vhere Tt is the tlme a~ end expiration. 

At the distal end of the airvays, the concentration matches that ln the 

respiratory ~one. 

("1.1) 

vhere xL is the coordinate of the end of the alrways, the origin for 

the coordinate system in the respiratory zone. For the sy~metric lung 

lIIodel of Wei bel (1963), XL for a tidal volume of 500 ml travell ing in 

plug flow will be only 2 mm from the distal end of the normal human 

lung C5cheid and Piiper, 1980). 

4.2.2 THt RESPIRATORY ZONE 

4.2.2.1 The Equation 

The equation for the concentration of krypton-8tm in the 

respiratory zone is 

AC 

where D 

o (~C) (ôA) 

+ AL l (~x) (ox) 
(.o4.B) 

= the molecular diffusivltyVof krypton-Btm in air, 

x =,(X-XL1/L where xL Is the end of the conducting airway, 

and L = the length of the respiratory zone, 

The product of derivatives in Eqn. 4.8 may be removed if the 

cross-sectional area A is assumed to 1 increase exponentially with 

distance down the lung. 
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1 

Let Aex,t) = ALoxpebx) (<4.9) 

Froll the geo/lletry of Velbel (1963) as presonted by Schled and 

P 11 per ( 1 980) , b 15 approximately 8.5. 

Then Eqn. <4. B beeolles 

~ Q ('~ ~l AC ( .... 10) 
= L2(ax2 + at axl 

~.2.2.2 Boundary Conditions 

The concentration 15 eontinuous at the boundary between the 

resplratory and eonducting zones. 

C(O,t) = CConc:luctlng(XL,t) 
" t 

(4.11) 

The krypton-BI m doss not reach the distal bdundary. 

C(t,t)=0 
" t 

(4.12) 

~ 
The concentrations are contlnuous from cycle te cycle. 

cex,O) = CCx, Tt) v x (4.13) 

where Tt Is the time at the end of expiration. 

4.3 THE CONCENTRATION IN THE CONDUCIINC AIRWAYS 

4.3.1 INSPIRATION 

Neglpct the for.ation of the veloeity profiles in the airvays 

and assume plug flow. A front of fresh gas moves down the airltay 

during inspiration, arriving at each point )(0 at time to. The front 

I xo o A (x, to) dx (4.14) 

The contrIbution of the residual actlvity in the dead space has been 

neglected. 

" 

• 
, 

',1 

'l, 
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Bahind the front in the reglon of fresh gas 'b the concentration 

of Krvpton-Slm frolll Eqn. "1 .... 15 glven by 

C (x,tl = exp(-Àdt) (".1 S) 

,;1 1 

( ,J'wh.r. At = t-tl is the transit time from the trachea ta the point )c. 

~ l 
>-..--./ The transit time lit Is a function of x and t. 

Thil gas lIt'ich i5 at point x at Ume t passed the origln at ti .. e tl, 
V\ \.. t 

defined by the equat! on: 

( .... t 6) 

.: 
Dovnstreall of the gas front, the krypton-81. present 15 that 

..,hich reruilned at the and of expir.ation, but it l'las continued 'to decay. 

for ·t>t! i 
III n 

( -'l • 1 7 ~ 

where tl i ls the earliest time at \lhich fresh gas From the orlgln 
- .. ni, 

'" could reach point x and IIhere x:;l 15 the coordinate \lnere the g8S IIhieh 

15 no'" at x ..,as situated at the end of expiration. 

".3.2 EXPIRATION 

Durlng expiration, the concentration of krypton-81. depend5 on 

J ___ --::--

the ga~ IIhic,h entered durlng the prevlous inspiration. Th.re 15 no 

s'tratification~ gas composition (Scheid and Piiper, 1980). 

(4.181 

IIhere Tl 15 the end-lnspiratory time and x;! represants the position 

that the gss which 15 nOIl at x occupled at the end of inspiration. 
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4.4 THE RESP IRATORY ZONE CONCENTRATION 

The sol ution procedure for Eqn. 4.10 wi th boundary conditions 

Eqns. 4.11 - 4.13 15 the following: .. 

'1. Set the~ time derivati"va in Eqli. 4.,10 ta z~ro and solve the 

steady-state equation for a step change in the concentration at the 

origine 

2. Find the transient solution for a step change in concentration at 

the origine The equation and boundary conditions obtained by 

subtracting the steady-state solution from ,the entire problem III av be 

solved by the method of' the separatIon of variables. 

3. BV applying Duhamel's Theorem for superposition, replace the step 

change at the origin by the concentration from the conducting airways. ' 

The intermediate results will be summarlzed. 

4.4.1 THE STEADY STATE SOLUTION 

The solution ta the ordinary differential e'quation obtained bV 

setting the time derivative in Eqn. 04.10 to zero and applying the 

boundary c;:ondition CW) = 1 15: 

cs.(x) = exp( -b/2 x) (4.19) 

m, sinh(m,) - b/2 cosh(ml) 

(4.20) 

" The first term daminates for krypton-Blm in the lung. 
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At. "" • 2 'THE TRANS l ÈNT SOLU TIaN 

Let v(x,t) = C(x,t) - Ca.(x). 

The equation for v ia identical to Eqn. 4.10 with new boundary 

candi tions: 

h = Q (~ + b.ID!.) Àv 
bt L::! (bx2 èlx) 

v(o,tt = 0 v (x,O) = -Ca, v(f,t) =0 

After separation of variables, the solutions are: 

KkeXPf-(aJH)tl exp[-(bl2)x] ~in(mJx) 

wnere m2 = (b 2 /-4 - aJLJ/D)Ya 

(4.21 ) 

(At.22) 

The constants Kk and a are determined From the boundary conditions. 

kTT, le = 1,2,3, ..• 

then ( b 2 / "" '- le::! fT°::! ) (D/L ::! ) 

Because a is a real number, the only allol/able value of k Is le = 1. 

nCb sinh(m1) - 2m, cosh(m1) +2m11 

K = (4.23) 
4m1 sin~'dm,) - 2b cosh(m1) 

where ml was defined in Eqn. 4.20. Thus, for a step change in the 

concentration at the start of the respiratory zone, 

C(x,t) = Kexp[-laJ+À)tl exp[-lb/2)x] sin(m2xl + C S & 

1 

In the limit of large m1, m1 = b/2 and K = TT. 

J 

\ 
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4.4.3 SUPERPOSITlON Of THE BOUNDARY CONDITIONS: 

SOLUTION fOR CONCENTRATION 

The boundary condItion at x ;: 0 is not a unit step but the 

concentratIon at the distal- end-of the conducting airways. Denote this 

by hetl. Let the concentration wHh time-varying boundary conditions 

C(O,t) = h(t) be represented by C(x,t). Then, by OuhalDel's theorelll, 

The diff'erentiation of EQn. 4.2"1 vith respect to time gives 

~ex,t) = A(x) exp[-ea~~À)t) 
et 

where A(x) = -K(a 2 ~ Il) expl-(b/2)x) sin{1I2x) 

4.1. 3'~ 1 Inspiration, Behind the Front 

After the front has arrlved at the pOint x = XL. 

ha) = exp(-Àl1t) 

("1.25) 

(4.26) 

froll EQn. 4.15. IF the transit time ~t()(L) to XL is 2.5 s, the maximum 

possi!lle during 5inusoidal 'breathing at 12 breaths min-l, then the 

value of hnl is 0.815. Therefore, a maxtlllum 12.5% error 15 made if 

At = 0 is assumed. The value of At lies between 0 and 2.5 sand 

depends on the in5tantaneous Flow rate and airway cross-section, but It 

will be treated here as constant with respect to time. 

Then from Eqns. 4.25,4.26, and 4.15: 

. C(x,t) = K expI-(a2 +A)tl exp[-(b/2)x) sin(m2x) e "1.21> 

for At<t<T 1 
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~.~.~.2 Expiration 

On expiration, h(t) is obtained From Eqn. 4.18 evaluated at XL' 

~t the distal .end of" the conductlng air'e'ays, the flo .. must be zero, the 

Q)Cpanslon of 1;he more proximal alrways having accounted for aIl the 

antering volume. Thus, the gas at )CL does not move. 

Substituting from Eqn. 4.15: 

h(t) = exp (-Àll.tl exp[-;dt-Tt)] for (4.28) 

and the concentration, Is obtalned From Eqn5. 4.25, 4.26.\ and 4.28: 

C lx, t' =ACxll.' 1 exp I->t ,-exPCI .'.Al.tI l 

4.4.3.3 Inspiration, 8efore the Front 

Ouring inspiration before the 

exp[-.\(àt-Tt) ] 

fresh gas 

concentration 15 analogous to that during expiration. 

4.5 RECIONAL ACTIVITY 

(~.29> 

arrives, the 

(4.30) 

Let the regional actfvlty, thé'-amount oF krypton-SIm present, 

be represented by n (t) • It i5 the Integral oF the product of 

concentration and area. 

"1.5.1 THE: CONDUCTING AIRVAYS 

4.5.1.1 Inspiration 

On inspiration in the region swept out by the front oF fresh 

gas, From Eqn. 4. 1 5: 

X o • 
net) = oI exp(-ÀlIt> A(x.t) dx (4.31 ) 

The erea 15 gl ven by 

Alx,t) = Ao Qxp[6It)x) (4.32 ) 

/ 
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Note that the volume of the conducting airvays at any time is the 

Integral of this expression From x = 0 to x = 1. Let the volume at any 

time be v(t). 

VCtl = (Ao/61 [expCBU-1] (4.331 

Therefore, if the distance dependence of àt Is neglected, 

nIt) = (Ao/fHt) )e)(p(-Ààtl [exp<fHtlxol-1 ) 

aFter the front has passed. The point xo' 1s the location of the front. 

Before the front, the activity found from Eqnso_4.15 and 4.11 is: 

nIt) = (A o /!3lexp[-À(!\t+t-T!+Tt.) ) [exp(6U-exp(6x o ) ) (4.35 ) 

The expression for Xo iS,derived From EQn. 4.14: 

x'o = (lIB) In[(!3/A o )orQ(tlot +1] (4.361 

Thus, the activity in the conducting zone as a function of time during 

in sp ira tian i 5 : 

C 4.311 

4.5.1.2 EXplration 

On expiration, From Eqn. 4.18, 

( 4.38) 

But C(x,T!) = exp(-Ààtl 'Ix, O<x<L 

Therefore, 

nIt) = (Ao/B)exp[-)dàt+t-T!) ) [e)(p(~L>-1 ) (4.39) 

4.5.2 RESPIRATORY ZONE 

In the M:!spi ratory zone, the acti v i ty 1s gt-ven by 

(4. 'lOI 

Ouring inspiration, after the arrivaI of the front, from Eqns. 4.:21 and 

, 
4.9" the Integral becomes 
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, n (t) = KB exp [- (a 2 +.1.,) t) (~. ~1) 

where 

B = (~ • 42) 

On e)(piration, from Eqns. 4.29 and 4.9, the expression 1s 

4.6 THE NORMALrZED DERIVATIVES OF ACTIVITY 

4.6.1 INSPIRATION <J 

The derivation neglects the 1055 of krvpton-Blm by diffusion 

out of the conducting airvays, resulting in an overestimate of the 

act1vity in that region. However, the isotope in the respiratory zone 

of" the model is that ~hich has moved out of the conductlng zone by 

molecular diffusion. When the total activitv in the lung is of 

,interest, the error of neglecting the diffusional losses From the 

conducting zone therefore i s compensated for by consideri ng the 

conduct i ng regi ons al one. 

Note that the derlvative with respect"to time of VIt) 1s Q(t), 

al though the Integral of Q (t) i s the tidal volume, not the total 

volume. 

The derivative of Eqn. ~.31'is: 

-.., 
dn/dt = -Àn + exp(-Àl1t)[Q(t) + ÀoltQ(tldtl 
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Thus, the normalized deriv-ative Is 

dn 

= 
dt n 

where Vo = V(t) - oft.Q(Udt 

But À exp[-}dt-TI+Tt») is small, about 0.0"'l 5-
1 for a frequet'lcy of 12 

breaths per minute, and the e)(ponential is approximately 0.9. The 

expressi on becomes 

dn C(t> 

= 
dt n V(t) 

4.6.2 EXPIRATION 

", n 

On e)(piration, the neglect of the diffusional transfer of/ 

material out of the conduction zone causes an overestimate of the 

alllount of krypton-SIm r,ellloved and thus an underestimate of the residual 
0' 

regional acUvi ty. The tracer that moves into the respiratory zone 1s 

not removed by convection, during the expiratory phase. ,'Hence, both the 

con~uct i on and respiratory zones must be considered in the total 1ung 
, , 

activity during expiration. The activity to conslder is the sum of 

Eqn. "'l.39 and Eqn. "'l.",3, minus Eqn. "'l."'l1 evaJuated at t = li. But, 

since the exponent a, given in Eqn. "'.23; 15 large for Ic:rypt~n-81 III in 

the lung regi ons w i th zero l'low, e)(p(-a 2 t) tends to zero. The 

expression for the activitv then becomes: 

net) = V(t)exp[-A(At+t-Tl»)-KB exp[-A(t+l\t-Tl)] (4.",1) 

and the derivati ve 15: 

dn/dt = -An(t) +Q(t) e)(p(-À(àt+t-T,)] 

, . 
• 1 
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, " 

The norma 1 i zed der i vati ve t.hen i s:" 

dn Q Ct) 

= À + ,~\-----

dt n v Ct) +KB 

,\ 

and QIV =,(l/n)(dn/dt) + Al [(V+KB)))/Vl (04.50) 

';'::,' -on expiration. 

,',t 

',' ( i~., 

"1.1 DISCUSSION 

\. 

,A simple analytical result nas been obtained tor flov per unit 

volu.e Jn 

\. Hov~"er, ~ 
a lung r~gion as a function 'of the krypton-Bl. activity. 

nUlllber' of ass\!Jmptions vere made and should be examined. 

~ The luhg vas partitioned. into a convective zone and a diffu-s1on 

, zone. The convective région vas assumed ta have plug f"lov and an 

advancing f"ront of" krypton-BI III vith a const~nt concentration. In the 
',p..' 

'physical situati..on, veloc1ty profiles develop and the concentration 

front Is spread by diffusion while the tracer decays. Hovever, the 

fu Il convective diffusion equation in an expanding cross-section cquld 

not be solved analytically, even for plug flow. The advancing front 

approximation 15 adequate because, as was shawn, the possible 

differences in transit times in the lung during normal 
-<--", 

breathing could 

. not alter the actlvity of the krypton-Blm by more 
. l 

th an 12.5%. The 

inter.epiat~ concentration profile results are affected by the neglect 

of diffusion, but the fi,nai expressions for the total activity as a 
u 

function of time are not, at least on inspi ration, because of the 

.' 
Integration over distance. 

-. 
... "! 

î) 

-f 



o. 

,,' 

1" 
1 

( 

Page 81 

Because the cross-sectlonal area ln the conduction zone changed 

• 
vith time· and that ln êhe ~espiratory zone did not, the model 

dimensions vere discontin'uous. Thils vas no"t significant because each 

reglan vas treated independentl y, vi th one setting the boundary 

concentrations for the other. It would be of importance, hovever if 

the flux .of krypton-81m acr055 the boundary betveen the regions vere 

considered. 'Indeed, to improve the model,' the boundary candi tion of 

lIatching concen~rations 'at the junction should be replac;ed by a 

matching flu)( coJdition. 
.,,-

The volume V(t) that appears in the e)(pressions is nal the 

total lung volume, but the tfolume of the convection zone. In the real 

lung thi~ translates into the fact that krypton~Blm meaeures only those 

regions that' the gas enters by convection. The ventilation per unit 

volulIIe measured is thus th~t of the regions of high 

_ vent il"&{ i on. 

'. 
,\ 
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CHAPTER 5 

kRYPTON-l'. EXPERI"ENTS 

5.1 JNTRODUCTION 

The predictions of the pleur.al pressure-driven lung model 

(Chapter 3) 1IIere investlgated experimèntally usin-g Ic:rypton-81 m as a 

tracer. Krypto"';,lIas selected"because of its short 'half-life, its 

" 
gooet 

, ," 

lluglng propertles, and its saf'ety and ease of handling. Subjects vere 

studied in the left lateral decubltus posture to permit th'e comparlson 

of the lungs to the two compartments of the model • Al 50 , i n th i s 

• 
position both the hydrostatic gradient of~static pleural p:w-ure and 

the dynamic pressure svings vere max!mi'zed, making the tlilO c;olllpartments 

d15simi lar. 

, . The interpretation of steady-state. krypton-BI ni scans 

introduced by. Fazio and Jones (1975) 'oIa5 used ta obtain the ratios of 

average ventilation of the tlllO ragions for comparison with the pleural 

préssure mode 1 • The rssul ts of the model of krypton-SI m dynamics 

<Chapter 4) vere appl ied to study the time variations in the 

ventil at i on per un i t vo 1 ulle and the sequence of fI 01115 in 'the 1 ungs. An 

average breaUl divided into a series of sixteen images was examined for 

ei.eh exper hlen t • 

\, 
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5.2 HATERIAlS AND HETHODS 

5.2.1 EXPERIHENTAl PROTOCOl 

Nina healtlw vo}unteers (5 male, '" female) were studied in' 

one series. Two others (l,male, 1 female) partjcipated in a second set 

of experiments with slight differences in protoco'l \lhieh will be 

describad later. The subJeets breathed alr mixed witn krypton-BIm 

/1 
through a m~uthpiece and tliO one-way valves. A pneumotachograph on the 

inspiratory side of the valves monitored the flov whicn, integrated 

electronicallv, was displayed on an osei lloscope to the subjects. 

Q' 
Krypton-SIm lias eluted From the rubidium-BI parent with a 

steady stream (0.5 l 5,-1) (5xl0--4 m3 S-I) of'humidified oxygen through 

the generator (HRe Cyclotron, Hammersm.4th Hospital, London. England). 

mainta1n the inspired concentration of krypton-Blm ~s constant as 

t,.hroughout each breath, it was d1luted with a constant flow of 

air air plus carbon dioxide) into a mixing chamber (gas bag) From 
""\ 

which the subject breathed.' The flow of air into the bag vas adjusted 

during the set-up phase before the krypton was added 50 that the bag 
4 

lias Just emptied at the end of inspiration. Further adjustments were 

. 
• ade iF necessary dur1ng the experiment. The bag refilled From the air 

" 
supply and the krypton-BI III generator whi le the subject breathed out " . 
through the expiratory valve (Fïg. 5.1). The 10s9 of krypton-8lm 

activity caused by the residence time in the gas reservoir was 

compensated for by longer recording times. 

Four manoeuvres were perform'ed by each participant. The 
1'" , ~ , 

subject fi rst breathed air through the mouthpiec'e at 12 breaths par 

.tnute until a steady, eomfortable volume, tne baseline tidal volume 

VT
'2 

was established. He or she lias instructed to ~aintain this tidal 
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BALLOON 

PNEUMOTACHOGRAPH 

AIR' 

KR-81m GENERATOR 

Fïg. 5.1 A s~atch' of the experillental set;-up. The subject is shown in 
the left lataral decubitus position, hts back ;;;gainst the gamm.a camera. 
Nota the reservoir in vhich the air and the krVPton-81m are combined • 

.J 
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, , 
volu.e vith the help of the oscilloscope display, and the kry,pton-81m 

',vas added to the inspiratory circuit. For a second acquisJtion the, 

subject breathed at the same frequenc;:y vI th a tidal volume tvice the 

basel!ne value. Carbon dioxide vas added to the inspiratory air. The 

procedure vas repeated at 24 breaths per - minute, vhere the t i dai vo 1 ume 

vas half the basel lne volume. Thus, similar minute vq~umes vere 

used at both frequencies. Al t.hough the rates of inspiration and 

exp! ration vere uncontro lIed, the ratio of inspiratory time ta total 

cycle time CTr/TToT) vas held at 0.5 by having the subject begin 

inspiration on one metronome beat and start expiration on the next. 

, i CUnder normal breathing conditions, Tr/TTOT is less than 0.5.) 

The activity rate over the. chest vas recorded with a 

large-field gamma camera (Acticam~ra. CGR, LeBuc, Francel placed 

against the subject's back:. The data ",ere stored and processed on a 

,j.~·f· 5illlis 3 computer <Informatek, Orsay, rrancel, in 1 ist mode vith a 10 

msec time i ncrement. In 1 ist mode, separate x-y cb-ord i nates are 

stored for the activity accumulated during each time int.erval. The 

actlvity at each co-ordinate could be summed ta produce t.he st.eady 

state image or the information for a particular time period could be 

sel ected. A minimum of 300,000 counts was collected during each 

Manoeuvre. 

The number of decay events durlng scintillation counting is 

generally assumed to fQllowa Po1sson distribution. This 1s true as 

long as the concentration of the tracer does not change appreciably 

during the counting period (Knoll, 1979>. Because fresh gas enters the 

( lung at each breath, the assumption i5 acceptable, if not perfect, 

1 

krvpton-81m, n"If-life 13 's and effect.ive counting perlod of the order 

_______________ ...é... ___ ~ _______ • --- -~ ......... _o!.-.... ___ ~:_r.,. '" 
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of' 5 s. The standard deviati on of the number of counts i s thus the 

square root of the mean. 

In the second set of' exper i ment!; also, the subjects breathed 
,\ , , 

Icrypton-81m and air - from a ml)(1ng chamber vh11e lying on their left 

sides. The frequenc1es vere 9, 12, and 2-4 breaths pero minute for one 

sÙbJect and 9 and 12 breaths per minute for the other, 1Iiith the tidal 

volumes that \lere comf'oi:"table for the subJects. Data 1Iiere recorded 

w i th one head of a dual head sClnti Il ation camer.a CUn i con) and 

JI 

processed on a VAX 180 computer (Oigi tal. Equipment 
-~ ·1.... . 

Corporation, ..,. 
< • 

Haynard, Mass. ) • The pneumotachograph si~,nal s vere sampled and 

recorded simultaneously. Folloving a steady·· state acquisition of 

1.000,000 counts, a one ririnute krypton-Blm washout was recorded For the 

same frequency and t i da 1 vo 1 ume. The decay of the isotopes was 

monltored over the chest field'to det regional washouts, not 

at the mouth for the pverall value. corr.ectiqn the ",ashout 

data vere fitted to monoexponentla Functions qn a pixel by pixel basis 

For a 32 x 32 matrix. 

5.2.2 THE GAI'1I'1"A $=AI'1ERA 
< ,, ' 

'\ 

A gamma camera cons i sts of a detector, a colllmato~" and an 

array of' photomultipliers and associated electronics. The detector is 

a large sodium iodide crystal contaminated vith 0.1 !Iole percent 

Thallium. The coll1mator is a plate of lead ",ith multiple\parall'el 

holes to permit only normally incident gamma particles to reaeh the 

detector. lihen a photon (gamma part icI e 1 produced b y the d,'I)!'eay of 

Icrypton-81m strikes the crystal lt scatters an electron. Each Compton 

particle produced in this way displaces man y valence electrons in its 

path, i.p~rting 3 eV to each. \lhen these exe i ted el ectrons encounter 

\ -
1 

1 
! 

., 

l 



Page 93 

an iI!perfection ç~used by ~ 
i 

thallium àtom, t~ey drop baclc into the 

l, 
valence band IItrap",'t releasing the1r surplus energy in a burst of 

blue-violet light (llaveiength ~.2 x 10 -5 m) to IIhich the sodium iodide 

crystal i s transparent. 

., 
For each gamma partiele absorbéd by t.he detector, many 

,photons of light :are produced. 

\\ 
Eaeh sci'ntilIat,ion event (detected 

decay) thus 1s sensed by severaI of the photomul ti pl iers mounted' behfhd , 
\, 

the crystal. The Idbat10n of t~e event 1s determined by' weighting the 

energy output bV the photomultiplier position and summing the values to 

obtain the coordi nates. The more' photons produced by an incident gamma 

partiele. the better the positional res,olution. Similarlv. the greater 

the concentration of the tracer, the shorter the time ta f'orm the image 
1"1~ 

and the lesser the blurring caused by movements of the subject • 

.. 
5.2.3 THE tHXING CHAHBER 

Although the use of the mixing ehamber greatly reduces the 

activity of ,the gas deI ivered to the lungs, its necessity was conf"irmed 

in a test performed IIi th one seated subJect. Tlla scans were done in 

immediate succes~ian, one using the mouthpiece and mi xing chamber 

• 
arrangement and the ather a face mask IIi th a continuous supp 1 y of 

" 1 

krypton-81III but wlth air flaw only on demand. Although the krypton-81m 

eluted during ~xplrat1on lias contained in the large bore tube through 

whieh the air flolled during inspiration, the mixing "as poor. The 

dlfference between the activity profiles produced wlth the two delivery 

systems is strik:i(1g (Fig. 5.2). Iii th the mask: and tube, the 

distribution was more apical and central than it \tas with the reservoir 

system. The early part of the breath was \teighted disproportionately 

by the krypton-S1m that accumulated in the tube dU,ring expiration, 

J -----------
____ ..,.......,.,. ___ -_~_---.-_~ __ '_ ~ __ ' __ --
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~ 

"-mask ancj tube ln which the air flo,", vas 

/ 
~ ---- ---- --------_. 

" 
.< 

n 
t'";:;.~ .. ~-; 

• /' 
't 

" 

• ,Ir 
li ~ 

1:: 

/ 
/ 

1 
~ 

, 
~ 

'. 

1 ' 

.' 

, , 



" 

Page 95 

" while the later porti ons of the inspirate con~ained mu ch lover 

concentrations. The central and apical regions, !cnovn from bolus 

studies to receive the earlier portions of" a breath (Grant et al, 

1914). appeared ~etter ventilated than the more basal' regions which 

receive the later part of the tîdal volume.' ft. larger lung volume ",as 
(: 

cHsplaved as vell ventilated vhen the .mixing chamber (reservoir) 
" 1 

",as 

.,J 
used. 

Whén the pneumotachometer Signal is available, the average 

inlet krypton-81m concentration obtained with the reservolr in plac~. 

may be found by di viding the counts over the trachea during tne 

inspiratory phase of a reconstructed breath by the simultaneous flo", at 

the mouth. The counts represent the number of moles of the 

; 

present and the flow gives the volume delivered in,eacl'f time '1 

Hence. the ratio i s proportional to the . In~pi red çoncentration, but 

under the conditions oi low 
o 

flov at the beginning and end of 

inspiration, the division by a very small quantity introduces an. 

artifact. The concentration during most of inspiration is seen to be 

(" 
constant <Fig. 5.3). ,Thus, as Amis and Jones (1980) and Hughes (1979) 

, ' 
suggest, a mixing chamber in the, in sp i ratory 1 i ne he 1 ps keep the 

inspired concentration constant even though th~, volume of gas "'ith very 
, ~ 

low concentration contained in thé dead space cont'amlnates the start of 

Insp i ration. 

" 
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" 

~ , l 

2.5 

(--

• l 

3:~ ç; 

Il 

Fig. 5.3 The concentration at the mouth during inspiration. The 
conc~ntration of' krypton-Blm olier the trachea during inspiration From 
the mixing chamber Is shovn in the upper p":lnel, the flo,", at the mouth 
ln the lover panel. 
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5.2 • .01 HETHODS OF ANAL YSIS 

5.2 • .01.1 5teady 5tate 

The 5teady state scans vere interpreted using tbe overall 

lIass ba 1 an ce presen ted by' F az i 0 and Jones (1915) in vh i ch the 1 ung i s 

lIodelled as a ,~in.gle well-mi)(ed compartment. Because , krypton-BI m 

solubility 1s lov, the amount that dissolves'in the lung tissue during 

a breaU., may be. neglected. 

Dver a number of t i dal breaths, if the concentration of' 

Icrypton-Bl m does not change, 

(5.1 ) 

" 

Therefore n = (QCI)/(Q/V + A) (5.2) 

vhere Q, the flov, is a5sumed to be equal on inspi atlôn and expiration 

Csteady state assumption) , Cils the constan concentration of 

Icrypton-B 1 m, n i s the number of mol es of present in the 

lung, V 15 the ';'olum'e of the lung compartment, and = 3.2- mln- 1 15 the 

decay constant of the isotope. The ratio of count rates betveen tvo 

regions 15 tl'len the ratio of the regional venUl atlon 

lIultipll'ed by the correction factor, 

(Q2/V2 + Id 
(5.3) 

(QIi/ V 1 + 'Al 

(Harf et al, 1978>. If Q/V 
0 

Is nearly the salle for both reglons or if' 

it i 5 mueh sma 11 er than Ain both, the correction factor i5 

approximately unity. 

The digitized 5teady 9tate scans for each experiment lIere 

displayed on a colour screen. The tliO lungs, outlined by eve on the 

illage~ vere divided into caudal and cephalad ragions of approxillately 

- ------,~-----------~-
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equal surface areas and masks for thi! reg i ons vere stored. Over' the 

selected regions., the ratios of the counts were computed fôr 

non-dependent te dependent zones (right to leFt Îungl, and for 

crania-caudal distributions vi thin each lung. 

Activity proFiles vere constructed from the scans both across 
f 

both lungs at approximately the mlddle of the activity field and dovn 

each lung. The cephalo-caudal proflles for both lungs vere nor:malized 

using the maximum number of counts per pixel in the profile of the left 

lung. The profi le from left to right in the middle of the chest vas 

normalized by the maximum activity in that slice. No attempt vas made 

tO_!ilcale tor body size. 

5.2. "".2 The Average Breath 

To study the time-course of a breath, averaglng is reQuired, 
1 

because too little krypton-Blm is delivered dur,ing a single breath of 
i 

Icrypton-8fm ln air to show the sequence of fi111ng. 
1 

A representative 

breathing cycle, 
1 

an average breath, must be reconstructed from the 

addition of multiple cycles. Although this may be done vi-th the aid of 

a pneumotachog'raph or other device to si gnal end inspi ration or end 

expira,tion (Alderson et al, 1979; Alderson and Line, 1980; OeLand a,nd 

Hauderl i • 1912 ; Line et al, 1980), it requires that the gating signal 

be acqulred simultaneously vith the activity record. Hovever, a signal 

other than the recorded activi ty Is not necessary (Kaplan et al, 1982). 

As the computer used in the main study had no recording channel other 

than that from the gamma camera, onl y the krypton-Sl m act i vi ty 

inFormation vas used (In the Iater se~\i es vnen t-ne 
\ 
\ 

pneullotachograph sIgnal avaflable, i t vas used for the 

reconstruction. ) 

. - ---- ------------'-:----~-~ -------
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,The period of each cycle vas found from th~ time-a~tlvlty 

curve for· the entire lung field. ayclas deviatlng from the .ean period 

by lIore than tventy percent vere rejected. Th, perlods of the 

individuel breaths vere dlvided into sixtean equal tima segments • 
• 

Tha.e vara used ta extract the matrices corresponding to the flrst 

sixt.enth, second sixteenth, etc. of each separate braath froD the 

~ 

filtered data. Mat;chlng breaU, {ractions vera addèd to produce a 

alxt~'.n fraÎne sequence (a dynamic saries) of a representatlva 

("average") cycle. Activity-ti.e eurvea vere constructed over the 

representative breath for the regions corresponding to the individuel • 

1 ungs as out 1 i nad' on th"a steady stat.e 1 liages. 

the.~~lv.s v~e not analysad • • 

The interpretatlon of the tl.e-vary~ng~ krYPton-81~ activity 

during a breath la more co~pllcated ,than that of the steady state 

I.og~,y. th. octlvlty-15 not dl •• ctly •• o.o.tlonal to th. flov 

of (ir entering the raglon. To interpret the curves, it vas nacessary 

to examine the mass balance of krypton-SIm in the lungs. Solution of 

the equations (Chapter· 4) permitted the derivation of the Flov per unit 

lung valu.e as III function of tlme: 

Q(tl/V(t) = (I/n(t),· odn(t)/dtl + gCt) C5.04) 

where VCt} = Vo + oftQ(tldt represents the volUMe of the 

vell ventilated reglon, and g(t) la III correction ter. Including 
r ) 

diffusion and 'daca~ affects. 

The Flow rates per ~nit volume for the 1eft and rlght lungs 

vere found from EQn. 5.4 uslng the signal processlng Interpreter Nexus , 

(Hunt.~ and Kaarney, 1983) on a POP 11/70 computer (Digital Equipment 
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-

CorporaÜ on" Haynard, Hass. ) • The ~urve for each cycle was 

concatenated with itself three times . 
\ 

Cubic spline interpolation was 

used to decrease the i~terval bet~een points to 0.1 s-and to smooth the 

curves before differentiation. The curves were smoothed ta account for 

951 of the variance, the derivatives were'taken, they were divlded by ~ 

" 
the smoothed activity-time cur-.es, and the mlddle cycle was B.xtracted,' 

thereby eliminating the portions'distorted by the end effects during 

smpothlng and differentiating. 
; 

RESULTS 

5.3.1 STEADY STATE 
( 

• 5.3.1.1 Count Ratios 
\. . 

The ratios 'of accumulated (steady state' count$ for the 

.. 
non-dependent over the dependent lungs (right over left) are presented 

in'"Table 5.1. The variation am~ng subjects is large but the change 

" 
with the different manoeuvres for individual subjects is small. The' 

. 
analysis of variance shows that the mean ratios do not differ 

5 igni fi cant 1 y with the changes 
, 

of frequency and tidal volume. l10re 

importantly, the difference between the baseline ratio 12 breaths 
~ / 

! J ... " • !' l ' 

condi tion J~ .. ,J/ -J : par min any other normal the tidal volulllef and and 

insigniflcant as shown ,bY a~ed Student's t test. The ,c:ranio-caudal 

changes of count.distribution in the lungs (Table~ 5.2 and 5.3) also do 

not differ significantly From zero. 

The steady state scans presented here May be interpreted 

according to Eqn. 5.2. However, in the lateral decubitus, position, the 

ventilation per. unit volume can be assumed neither negligible relative 

to the decay of constant of krypton-Blm nor unifor~ between the lungs. 

J 
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SUBJECT 

A 
B 
C 
D 

~ 
F' 
G 
" 
H 

1 
'" 

J 
K 

lIIean 
sd 

• 

TABLE 5.1 

RATIOS or .COUNTS: NON-DEPENDENT/DEPENDENT LUNe 

12 BREATHS/I'IIN 
VTI2 2'YTI2 

1.25 0.98 
1.08 1. 13 
1 .01 1.01 
0.88 1.0'" 
1.01 1.08 
0.8-4 0.95 
1.17 
0.68 0.18 
0.62 0.61 

• 1.23 1. 21 • 1.59 '1.13 

1.0 ... 0.95 
0.28 0.1 B 

Frequency = 9/mln, Tidal voluMe = 

2'" BREATH5/MIN 

1.34 

1.09 
1 • 1 ... 

0.93 
O. 9~ 
2.09 
0.11 
0.<41 

1 .,9'" 

1 .19 
0.53 

j 

, .00 1 
1 • 1 l' 

1.08 
1.11 
0.99 
0.95 
1.11 
0.92 
0.60 

0.99 
0.11 

,) 
,) ANALYSIS OF VARIANCE 

AMong 
Vithin 

Not significant. 

SUII oF Squares 
0.29 
3.08 

DIFFERENCE FROM 12 BREATHS/MIN, Vr12" 

'--
Not signi(icant. 

12 BREATHS/I'IIN 
2'Yrl2 

-0.025 
0.135 

8 
0.52 

d.F. 
3 

33 

Hean Squares 
0.091 
0.093. 

F3 ,33(0.OS)=8.6 

2'" BREATHS/HIN 

-0.115 
0.322 

9 
1.63 

-0.036 
0.152 

9 
0.11 

~ 

• r 
1.0<4 

Note: Data For 5ubjects J and K are Fro. tne later experl.eots. ' 

:.:1. ...... ~ 

, J 

, \ 
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TABLE 5.2 
tI 

RATIOS OF' COUNTS: CEPHALDI CAUDAL RECIDNS, DEPENDENT LUNC 

SUBJECT 12 BREAIHS/HIN 241 BREATHS/HIN 
VT12 2'YT'2 YT241 2'YT241 

·A 1.00 1.12 0.90 ',." '(). 96 
B 1.25 1.17 1.26 
t 0.99 1.06 0.83 0.-95 ' 
D 1.18 1.25 0.17 1.03 
E 0.85 0.86 0.93 0.89 • 
F 0.92 0.79 ,1.05 0.83 .. , 
C 1 • 11 0.841 1.27 
H 1 • 00 0.69 1.01 1 .01 
1 1 .02 0.91 0.83 1.18 

• J 1 .25 1.09. 
K 0.15 0.741 0.17 

mean 1.03 0.98 0.93 1.0 .. 
sd D .16 0.20 0.'41 0.16 

. ' . • Frequency = 9/m1n, Tidal volullle =2'Vr 12 
}.. ... ~ 

1'1>.. .. 
DIFFERENCE FROM 12 BREATHS/I1IN, YT '2 

12 BREATHS/HIN 241 BREATHS/HIN 
2'VT'2 YT2"" 2'Yr2" 

.a.n 0.039 0.0""3 -0.012 
sd O. , "'18 0.132 0.'02 

n 8 9 9 
t 0.7"'15 0.977 0.353 

Not si gn i fi cant. 

Note: Data for 5ubJects J and K are FrOM the latar experi.enta. 

J . \ 
- l 

"t 

l 
i 
1; 
1 • 
{ 

'I~ " , 

.k 
~ 
r~., 

'l~ 
I~~ 
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TABLE 5.3 

RATIOS or COUNTS: CEPHALO/CAUDAL RECIONS, NON-DEPENDENT LUNC 

5UBJECT 

" A 
B 
C 
o 
E 
F 
C 
H 

l 

J 
K 

• 

12 BREATH5/11IN 
Yrl2 

0.1,9 
1 .01 
0.86 
0.1-4 
0.1"1 
0.68 
0.90 
0.89 
1. 35 

0.99 
0.63 

0.88 
0.20 

0.88 
1.06 
1. 23 
0.15 
0.15 

0.20 

, 2"1 BREATH5/11IN 

0.19 

0.84 
0.1"1 
0.1"1 
0.17 
1.00 
0.13 
1.23 

0.64 

0.84 
0.18 

0.92 
1 • 12 

1 ./0'"1 

~
.65 

.65 

.65 
0.85 
0.95 
0.81 

0.81 
0.16 

Frequency = 9/min, Tidai volume = 2'VT'2 

DIFFERENCE FROH 12 BREATH5/HIN, Yr12 

3 .ean 
'( sd 

n 
t 

Not sIClnlficent. 

'12 BREATHS/HIN 
2'h12 

0.0"16 
0.288 

8 , 
0.45 

2"1 BREATHS/HIN 
Yr2"1 2'Yr24 

0.013 0.033 
0.085 0.213 

9 9 
0.46 0.46 -

Note: Data for subJects J end K are for. the later experi.ents. 

il' " ',,,, 
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In a bronchospirometric study pf ewake sUbjects, Lillington et 

al. (1959) tound nitrogen clearance rates lin the laft lateral decubitus 

position of 0.0165·' (I.I l'IIin-') and 0.009 s·, <0.57 min-') 1n the 

dependent and non-dependent lungs respectively for qUiet breathing. 

AlthoVgh the limit5 proposed by Arnot et al (1981) and by Papanicolaou 

and Treves (1980,' tor the assumption that the number ef\counts 1s 

directly proportional to the arriving flow is 0.O~5 s·t < 1 • 5 ... in - t ) • 

the values of Lil11ngton et al. (1959) are probably exceeded py .ost 

subJects. Even with their values, neglect of the correction 

1 

f~ctor 
) 1.1 

would cause a 14% error. Thus, krypton-8lm scans for subJectsNin th~ 

lateral decub!tus position must be interpreted by lncluding the factor 

of ventilation per unit yolume. obtained e!ther trON a vashout 

•• asurel'llent as vas done for children «(lofetta et al, 1960), or by 

other aean,s. 

5.3.1.2 Profiles 

The profiles Ot the steady·stat. act!vity across the chast 
" 

rro. right to left and dewn the lun~s From apex to base for three 

subjects are shown in Fig: 5.S - 5.1. The left (dependent) lungs 
1 

shoved considerebly More activity than the rlght. The cranlal regions 

of the left lung 

eaudal regions 

",as _or. un i fOrl. 

prof i les cnanged 

had higher concentrations of krypton-BIll than 

while the distribution of the tracer 1n the right 

or 51 ightly preferentiel to the basal zones. 

li ttle with diFferent expert.ental conditions. 

, 
\ 
"-

the 

lung 

1 
The 

1 
--~ 
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fig. 5.~ Steady state activity profiles. Normalized activity profiles 
are sho~for the 18ft and right lungs, apex to base (upper curves) and 
across the lungs fro~ 18ft to right in the centra of the lung field. 
SUbject C, leFt laterel decubitus. 
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rig. 5.6 Stead, .tate activity profiles. S~bject D. 
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{ 0 

5.3.2 WASHOUTS 

Ventilation per unit,volume vas measured by the vashout of 

~pt~n-61m in tvo sUbJects. For subJect K (Fig. 5.6), the mean valuets 

over aIl pixels durlng the first IS seconds (3 breaths) at 12 breaths 

liere 0.03 s-1 and 

(Table 5.~) in the right and left lung, respectively. The value does 

not represent the meân clearance rate, as the washout slopes have not 

be,en veighted by the volumes measured by the pixels and'" the point to 

pQint varlability is large. 

The vashouts using krypton-a1m involved 
t 

significant 

experimental and computational uncertainties because of the rapid decay 

of the isotope and the r,sulting lov ~umber of counts. 
1--

breaths. the aC~,ivity vas very background 

After three 

leve 1 • The 

variability involved in estimating over so fev breaths renders the 
-... "<!" " 

absolute measurements doùbtful. The pattern of Fig. 5.8 therefore Is 

presented only for internaI comparlson. The trends seemed similar ln 

the other cases VhfCh are summarized in Table 5.~. The vashout vas 

locally inhomogeneous. This range of the local values in tvo normal 

subjects .suggests that the vell-mixed assumption for, tracer behaviour ' 

.u be reconsidered. The differehce in size of the ~ependent and 

non-de endent lungs vas evident. 

5.3.3 DY~C CYCLE 
\ 

For the tvo subjects of the seeond series, the 

pneumotachograph measurements vere compared vith the activity-time 

\ 

curves over the entlre field of both lungs. The instantaneous activitv 

"-, 

, , 
". \ , 

/' 
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\i.!;3 

• • • 0 • 0 
0 • • • 0 0 

0 

Rig~t • • • 0 • • 0 0 0 • 0 

• • f • 0 i , 1 • 
Left • 

• >.7 (1/6) • .4 (1/s) 

• .7 0 .3 

~ .' .6 0 .2 

• .5 

Fig. 5.8 Local vashout of krypton-SIm.' The ventilation per unit volume 
vas calculated from the slope of the logarithm of concentration as 8 

function of time on a regional basis. Denser colour indicates faster 
vashout. The l'ung outline is approximate. Subje"ct KI 12 breaths 
min - '. 

TA8LE 5.4 

HEAN VALUES or THE VASHOUT SLOPES 

-Subject Right Lung Left Lung 
Hean (5 - 1 ) s.d. Hean (5- 1 ) s.d. 

n J -0.010 0.005 -0.026 0.012 
12/l\Ii K -0.032 0.01"1 ;-0.060 0.021 

-0.03-4 0.018 -0.0"18 0.023 
-0.019 p.013 -0.020' 0.012 

2"1/mi" K 
<" 9/min ~ K 

~. 

. , 
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vas seen te vary much like the tldal velume, vhile the derivative of 

the counts normalized by the count rate vas similar to the velumetric 
,/ 

flev (Fïg. 5.9>. 

A multiple linear regrassion vas performed to compare 'the 

data to .;1n. 5.4. 

11near combination of 

The equation vas revrit}en te .ake the Flov Q a 

the nermalized derivative terlll (l/n)(dn/dt), oF 

the Integral of fley f:J.V, and o.f the preduct ÔV<1/n)(dn/dt>. The 

coefficients are given in Table 5.5. The fito. accounted for more than 

9BX oF the va~ianc~ at 9 and 12 breaths·per minute. The coeFficient b 

of the normalized derivative (mean for 4 cases = 4.2 L> corresponds to 

the maximum lung volume in Eqn. 5.4, bec au se the origin lias chosen at 
.1) 

end inspiration. The volume diviser of the flev is tne term (b + c!J. V) • 

The e)(pr~ssion (a + dÔV)/<b + c!J. V) • of the erder af magnitude of 10- 2 , 

then represents gCt) in the equati on. The normal ized derivative curves 

thus represent the flaw per unit velume Fer the regien ever which they 

are measured. 

5.3.3.1 Flow per Unit Volume Curves 

~ 
The flaw per unit valume curves for one subjact ara shovn in 

rig. 5.10 For the four experimental conditians. As one period af each 

case i5 displayed, the time axes are scaled dif~erently in each panel. 

The curves fer the left and right lung5 are presented~ The magnitude 

" 
vas greater in the left <dependent) than in the right lung. 

""t 
Al though 

the mean ef the curves of flew per unit velume vas zero, the curveS 

vere net symmetrical about the t1me aKis. The magnitude of ~he maKimum 

vas slightly greater than that ef the mini.u. and it occurred before 

the middle of the~nsPiratory phase. 

-----------,---- ------
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Fig~5.9QA comparison betwee; the activity and tidal volume and the 
n~Jlized derivatives and the flov per unit volume. The activity vas 
multiplied by the factor (maximum tidal volume/maximum activityl to 
enable display on the same axes. The pneumotachograph signal vas 
divided by the slope of the regression line betveen itself and the 
normalized derivative. 
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f TABLE 5.5 

1 BEST F'IT PARM'ETERS OF' EJlUATION ~ , ( , 
i '" \; F'lov b C 1/n' 'dn/dt.) ( A y, (1-0') C dn/dU dCAV' • • + + c + , 

r' ',SubJaet rreQUency a b c' d' VAr 
:1(-

<t/Min) (LIs) (L) (1/U (1/s) CU 
, J 9 -0.09 5.51., 0.50 -0.06 99.,3 . 

P, " J 12 ' -'0.03 ~ .... 54 -0.52 -0.12 , 99'.'" .. , 
i 1 

K 9 -0.01 3.12 -0.98 -0.09 98.5 ..../ --K 12 -0.02 3.63 -0.:11 -0.15 98'.6 
! ' 
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Fig. 5". tO eurv •• of' th. Fioll p." unit volume. 
a) 12 ~5 '1II1n- l

, Sasellne tldal volume ~r12. b) 12 

Subject r. 
br.eths min-l, 

doubled tldal volume. e) 2<4 breaths min , tidel volume VT2 .... 

d) 24 b,. .. aU'Is Il,1n- l , doubled t1dal volume. 
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, 
The Magnitude of thesa curves inera.sad vith tidal volu.a-and 

vith frequancy, but in partieulai- with fraquency (Tabla 5 .. 6). 

12 breeths lIin- 1
, the avarage increesa vas 32% ln the lef't lung, 22% io 

tha right lung, and 2'4% oyerall vhan the t idal yolunui doubled. At 

221 breaths .... ln-', the lncreases vere 18%, 12%, and 16% (or laft, right, 

. 
a~d' bath lungs, respec::tively. When the tidal. volu.a vas constant and 

, 
the fr,aqtJancy dout:)hd, the values increasad by 121%, S8X, and 92% in 

the 1eft, right. and both lungs, respactlvely. Whan the frequency 

o doubled with ,the minute ventilation held constant, the incresses vare 

97%, 77%, and 70% f'or the laFt, dOht, and botn lungs, r-espectively. 

In a11' cases, the flov per uni t volu.a vas greater ln the 141ft' 

\dapendent) then in t~e rlght (non-depandant) "lung. 

Va.hout curve5 prov! da ana le: i nd of •• asur-elllant of fl ov p.r 

unit valu •• , ih. cOAlput~d curves anot,har. The single vatue oF the 
e 

vashout 5101'. 15 an "avarage calculated froll a .odel of constant flàv 

into a w4f ll-ilixad compartment. The cOllputed flow p.r unit volu •• 

curv •• ara correlated with the tll11e-yarylng flov into a cOllpartlllent of 

ti •• -varying volulIlIl. Thus, the two .easures are not dlrecth 

" -The root .. ean square of the cur..,a5 lIIay ba sis! 1 ar ta the 

va5hout slopa but vill not be ident1cal~ sinee both measur. an 

"average" ventilation par: unit volume but the lIIean oF the rati'o of' flov 

to volume 15 nct the same as thQ" mean flov dlvlded by the maan velu .... 

Ind.ad, the r-ooto~ean square valu~s are in a range between 0.03 ~~' and 

Ô.1B 5- 1 for the laFt lung and batv •• n 0.02 5-
1 and 0.08 5- 1 ln the 

right lung, while ~ashout values of 0.02"1 S-I and '0.0096 5-
1 for the 

leFt and r1ght lungs, respectively, have bean reported for subJects ln 

~e laft lataral ciacubl tus pO!$l tion (Llll1ngton et al, 1959). In 

'\ 

. . .' 

\ ~ , 
, ~?,~. 
l' :~ 
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TAISLE 5.6 

~ VENTILATION PER UNIT VOLU~E CUAYES 

( ROOT "EAN SQUARE VALUES (115 ) 

L~Fr LUNe 
SUBJECT 12 BREATHS/MIN H BREATH.S/H 1 N 

YT 12 2'Yr 12 Yr2.11 2'Yr2.11 

A 0.041 q.068 : ' 0.014 0.08& 

C 0.046 0.061 0.011 0.126 

D 0.053 0.094 0.016 0.091 

E 0.032 0.033 0.103 0.10.11 

F' 0.068 0.099 0.q93 0.116 

G 0.066 0.080 0.019 
r .. 

H 0.05"1 0.062 0.085 ~ 0.100 

l 0.048 0.051 0.180 0.156 
• J 0.01'1 0.011' • 1(' 0.01'6 0.066 0.1.11" 

~ 
RICHT. LUNG 

SUBJECT 12 BREATHS/HIN 2.11 BREATHS/HIN 

Yr 12 2'Yr 12 Vr204 2'Yr2" 

A 0.030 0.031' 0.0.113 0.0'" 

.. C 0.031· 0.0 .. 8 0.060 0.015 

0 0.031 0.054 0.0.119 0.0.119 

E .0.022 0.025 0.082 0.085 

F' 0.0 .. 0 0.062 0.05' 0.012 

C 0.0'""9 0.066 0.058 

H 0.035 0.033 0.0-41 0.056 

'" 1 0.040 0.038 0.0"1' • 
..... 

J 0.049 0.0046. 
K 0.052 0.041 0.'041 

1 

TOTAL-
, , . 

SUBJECT 12 BREATHS/HIN 24 BREATHS/HIN 1 
1 

Yr 12 2'Yr 12 YrH 2'Vr2" .' 

A 0.031 0.052 0.056 0.06-1 

C 0.0'""2 0.05" 0.061 0.099 

0 0.0'""5 0.013 0.061 0.011 

E 0.028 0.029 0.092 0.09-4 

F' 0.055 0.080 _ 0.012 0.09-4 

C 0.051 0.061 0.057 

• , H 0.045 0.048 0.068 0.018 

1 0.0'""2 0.0-46 0.053 • J 0.061 0.060 • K 0.061 0.053 0.138 

.J 

• i 
/ F'raquencv = 91.l1n, Tidal volume = 2'Yr12 ,i 

nct lIIeasured; · .... could not be calculat.ed. ~ 

;;;0 

-- continued l, 
1 

~_ ...... .- .... _---- , ... .:.1 , 
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TAilLE 5.6 -- continu.d 
DIF'F'ERENCE rRD" 12 IIREATHS/"IN. Vr 12 

"-
12 BREATHS/HIN 2"" BREATHS/t1 1 N 

2'VT'2 VT2.11 2' VT2.11 
LEFT LUNe 

mean differenc:e 0.011 0.0"1 0.056 
sd <l, , 0.015 0.038 0.056 

t I?> 3.0S 3.14 
5. "'''' 

p 0.005 0.002 0.002 

RICHT LUNC ' ,-/, 
mean differen~e 0.008 0.019 0.021 
sd 0.009 0.018 0.021 

t 2.29 2.96 3.61 
p 0.025 0.002 0.005 

TOTAL 
me an difference 0.013 0.023 0.035 
sd 0.01 1 0.011 0.022 

t 3.08 3.18 "'.31 
p 0.012,. 0.002 0.002 

.. <7 
The root mean square values were calc:ulated Fra. the curves, 

Clin) Cdn/dt), for the 18ft lung, right lung, and botr. lungs. VT12 Is 
the b~sellne tidal volume at 12 breaths/.in. VT2" ls the co.fortable 
tidal volume at 2.11 breaths/min. 
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seated subjects, Forkert et al (1918) shoved that the washout in the 

depandent and non-dependent region~ vere dirrerent, rangi ng, ror 

example, rrom 0.112 s-1 in the dependent zone ta 0.031 5-
1 in the 

nondependent zone in one seated subject. 

5.3.3.2 Flow Rate Ratios 

The Flov rates into and out of tha individual lungs vere 

compared using the rlov per unit volume curves and an estimate of 

relative 'lung volumes. For the lateral decubitus position, the static 

volume of the dependent lung at FRC has been estimated ta be 62% oF 

that or the non-dependent lung (Kaneko et al, 1966). At a resting 

volume of (FRC ... 0~.1 TLC) this ratio increased to about ,,68%. By using 

65% as a Mean ratio betveen the dependent and non-dependant lung 

volumes, curves of the ratio of flow rates ln the right lung to those 

in the left.vere computed (Fig. 5.11). For most of th~ cycle, the flow 

in the dependent lung vas greater than that in the non-dependent lung. 

Only immediately before and arter the change in flov direction (at end 

inspiration or end expiration), lias the rlov in the non-dependent lung 

larger th an that in the dependant one. The negative ratioê indicate a 

time vhen one lung vas filling vhile the other vas emptying. 

Because of the estimation used For the volUMe 'ratios, ft vas 

not possible ta. det~rllline the time at vhich ~he flows were equal. 

Different values of the ratio of the volume of the left lung to the 

right in the lateral decubitus position have been given by difFerent 

investigators. Lillington et al. (1959) found 0.49 at FRC for 

conscious, intubated subjects, but the data of Hedenstierna et 

\ al. (1981) yield 0.39 in anaesthetized adults. The use of different 

j 
..:. 
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TABLE-:S • ., 

RATIOS OF' F'LO"S: NON-DEPENDENT/DEPENDENT L.UNG , 
) 

r 

SUBJECT 12 8REATHS/H IN 24 BREATH5/HIN 

1 Yrl2 2'YT'2 Yr24 2'Yr2-4 
f 
! 

A 1.06 0.75 0.89 0.69 \ 

" 
'C 0.92 0.95 0.95 0.83 

D O.BO 0.75 0.90 0.13 
E O.BO 0.92 0.94 0.91 t 
f 0.6-4 0.72 0.65 0.10 

, 
) 
• 

C 1.83 0.98 1.00 • 
0.60 

'i': 

1 f 
'H 0.58 0.53 0.68 
1 0.57 0.5<4 0.37 .... 
J '-", • 

j 0.91 0.92 

K \ 
• 

g ,1.29 1.<45 1.97 

" DIFTERENCE FROM 12 BREATH5/HIN, VT'2 
mean -0.03 0.13 0.15 

sd 0.1<4 0.32 0.35 , 

t -0.49 1.13 1.15 l 
j 

Not significant, ~ 
, ~ 

\!, 
,1 

• =' 2'Vrf2 \' frequency = 9/lIin, Tidai volume 
not measurad;' •••• could not be computed. 

! 1. 
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values for the volume r'atio would change the scale of the flow ratio 

curves and the tIlle at which the flovs become equaf-.r If the dependent 

lung was in fact leS5 fully inflated proportional to the non-dependent 

lung than the estimated 65%, the flolts to the individual lungs Itould 

~ 

,have been more 5iMi lar in magnitude and the Flovs would have been equal 

earlier in the cycle. 

1 
The steady state count ratios for the lung (Table 5.11 vere 

converted' to average fi Olt rate rat i os us i ng the root mean square values 

". 
éTable 5.,~1 of flow per unit volume in the denominator term 

<Table 5.1>. -'- The flow ratios were sIIIaller than the count r~ti05 

bêcause of the greater flow-('er unit volume in t~e dependent lung. The 

fIov ratios vere allllost aIl less th an one, indicating the higher flow 

that tlX i sted to the dependent Zone. A pa i red Student' s t test showed 

that, the flow ratios • at none of the other con et! tians var i ad 

signlficantly froll! those at the 12 breaths per minute, nor.al tidal 

voluille baseline. 

The steady state flow ratios and the flow ratio curves are 

.easures of related variables, but cannat be colnpared directly. The 

• steady state values are the ratios of the mean flolts If,hile the,j,'"curves 

are the ratios of the Instantaneous values. Because the .ean of the 

ratios i5 not equivalent ta the ratio of the ",eans, one lIaasure ... nt 

cannot be converted i nto the other. 

-- ---'-' ___________ -..:. ___ ...--.... ,""ll_.; ... 4 ..... _ .. ' "l\'4Ç"" ""l#_t .. -._'" ~ 
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TABL.E 5.8 

PRASE ANCI.E:S, L.EFT UUNG 
"'. 

12 BREATHS/I1 1 N 
VT12 2'VT12 

3",0 1° 
10 0 0 
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15° .. ao 
29° 31° 
00 

25° S .. o 6-
_11° 31° 

0° 
0° 

.. ' 

. , 

.4 .... ft 

Page 122 

,.. ~'" 

I.EADING 
~ 

2 .. BREATHS/MIN 

VT2" 2'YTH 

<41° .. 00 

"'5° 300 

1",,° .. ",a 

13° 00 

60° "'3° 
0° 0° 

<43° ""3° , 
-150 t , 

" d 

0° î 

1 
~ ~ 

; 

r 

" 

, 



l, 
'~ 

"' 

~' 

i 
\: 
~ 
; 

i-

f 

t 

J . 
t 

i' 
" E (\ , 
~ 
~ 
r 
t 

. 
--'.::.,..--"-'~~ " ~ ...... ~-

L a L b JII' ",,0.1 0.16 
... 

~ 

~ 

'" ,.. -,> 0 0 ~ 

0 -
-l~ 

-0.1--+-----..,.-,--./-...----.1-0.16:, R 
-0."1 -o. 1 0 o. 1 O. 1 o 

0.16 
c 

0.2 
d 

>0 o 
....... o '1 , 

-0.16 -0.2--+----..--,.---.----. R 

-0.1 o 0.1 0.1 0 -0.1 
Q/V (1/8)- "Q/V (1/8) 

Paga 123 

fig. 5.12 F'low par un~t volume, left lung plotted against flow par unit 
volume, right lung. SUbject F. The panels correspond to tho5a of 
fig. 5.10. The direction of looping 15 indicated by the arrows. The 
left lung leads. 
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Fig. 5.13 Cross-correlations batveen the 1eft and rlght flows per unit 
volullle. Subject r. Panels correspond to those in Fig. 5.10. The 

7 
maximulII correlation occurs whan the right lung lags the 18ft. 
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5.3." PHASE: .. 

There "ere phase differenc&s eV ident betlleen the F 10115 per 

uni t volume in the leFt and ri ght lungs, ln 1II0st cases IIi th the 18ft 

lung 1 &adi ng the ri gh t (T ab 1 e 5.8 > • Al t.hough thlS may bÈl seen on the 

curves of 'rig. 5. 10, lt is clearer in Fï g. 5.12 vhere the flow rate per 

uni t volume of one lung is plotted against that of the other. The 

corresponding cross-correlations are sholln ln rig. 5.13. The largest 

phase angles, measured from the cross correlations. lIere seen at 

24 breaths min-l, although large phase' differences vere found tor aIl 
/ 

of the experlmental manoeuvres. Neithel'" the depth of breathlng nor the 

frequency had systematic effect: on the phase angle. It 1s important ta 

note that the resolution of the angles was coarse, IIlth one lag point 

represent i ng approxhatel y at 12 breaths ml n -1 and 14° at 

24 breaths min- I
• 

5.4 DISCUSSION 

5.4.1 STE:.AOY STATE: SCANS 

5.4.1.1 Non-depandent ta De"endent Rattos 

The steady state activity ratios <Table S.1l 

es.sentially unchanged by variations of frequency and tidal volu_e 

vithin the nor.al, physiological range. The average t 10'01 rat i os 

(Table 5.6> obtained froll the activity ratios using the average flo'ol 

par unit volume ratios in the correction terll, E:qn. 5.3, sho"ed s1milar 

invariance with the changes in !!Ianoeuvre. Although the venti lation per 

unit volume ItselF c:hanged signific:antly 'oIith frequency and tidal 

volume <Table 5.6>, the changes in the~Qrrectlon terlll (EQn. 5.3) ",era 

4 .... ey:z 
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The constant ratios of mean volUlltetrlC flolls and therefore of 

tidal- .volumes lIere ln accord with the pleural pressure-driven mOd.e.1 

(Chapter 3) tor pressure sw in9s over the dependent and nondependent 

lungs whic.... changed in proporti on to each other. The ratios vere 

generally less th an one, showlng the pref'erentlal ventllatlon of the 

dependent zones expected for the reg ion w i th the 1 arger pleura 1 

pressurQ swing. No effects of the reglonal tlme constants could be 

seen in the steady state scans. The range of flows used could not show 
.f, 

the secondary effects of f'requency anQ tidal volume that liere evident 

in the silllulation (Chapter 3) given the lIeasurement uncertainty caused 

by t .... e 10\1 count rates. 

T .... e stabil i ty Ot the ratios suggested that each subject chose 
B" 

a pattern of muscle use for brea~hing and maintained i t for aIl four 

manoeuvres; it l'las been shOlln (Roussos et al, 1977; Chevrolet et al, 

" 
1979 ) that the contraction of particular respiratory mUScles strongly 

influences thoe distribution of inspired Conversèlv, the 

intersubJeOct variabi 1 Ity may have represented in part the unconscious 

choice of different lIuscle contract i on patterns by di fferent 
1 

i nd i v i dua 1 s . Different lung volumes among subjects, shawn in the /lodel 

(Chapter 3) ta affect tidal volulle distributions and by Engel and 

Prefaut (1981) ta alter bolus distribution in the supine position, also 

may have played a role. The bOdy position, the resistance of the 

. 
valves in the airway, and the efforts ta lIIail)'tain a constant breathlng ') 

frequency and tidal volume certalnly caused modifications ln the 

~ 

pattern of breathing fraI that at r'est. Wlthout the abllity to monitor 

respiratory muscle activity or functional resldual capacti ty, the 

sOurces of the differences remained an open question. 

• 
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S,~;f:2 A~iCO-èas#lar Ratios 

The cranlo-caudal distribution of activity 
" 

(Tables 5.2 and 5.3) also reeained constant vith changes in flov rate 

and frequency. The ventilation pel' unit volu.e vas not cOMputed for 

these ragions becalJse the act! v'i ty of the kr-ypton-B J-. generators vas 

10V) enough that the acquisition of su"icient cOlJnts the 

construction of sixteen iMages over reg~ons saaller then one lu~g vas 
, 

1.practical. The cOlJnt ratios th~.s.lves vere stud~ed. 

In the non-depend.nt lung, the actlvity vas greater ln the 

basal than l' in the apical regions, vh!l. in the dependant lung, ft vas 

approxiaataly unifora,' The profiles dovn the lungs (Flgw 5.5 - 5.7) 

shov th!. cl~arly. The aetlvity, .lthough not dlrectly'proportional to 

the average'volueetric f10w, vas related to the ventilation, the 

sequentiai nature of which has been de.onstrated in the cranio-caudal 

axls ln .upine subJects durlng inspiration Bt a constant Flov rate 

(Engel a"-P Prefaut, 1981).' The lung '1011,1.. at ",hich a bolus of .,. 
" ~ '" . xenon-I33 vas inspired vas shovn to ba a very signific~nt factor in its 
J, 

.~.lst.rl but.1 on, 
, 

lt being prefarantially to the caudal zones at high lung -. ~-
valu •• but prefer.ntially c.phal~d et lover lung volu •• s -(n.ar FRe). 

Th. -authors attributed th!s ta alrvay elosure ln the paradiaphrag •• tic 

lung ragions causad bY the h~drost.tic pressura of the abdo.en 
$ " ' 

on the 

dej:).ndent. portions of tha lungs. In !eft lateral .dacubl tus ,; 
-. 

position the higher krypton-Bl. activltv ln tha caudal reglon ln the 

~non-depandent, lung but nearly unlform activity ln tha dependant lung 

.ay have resulted From a sl.11ar effect. The non-d.pe~dent lung v~s at 
'. 

'. volume gr.at~ than fts supin. Functional resldual capacity v~ile th. 

depandent 

(Ull1ngton 

1ung vas et a volume slml1ar to or sllghtly smallar 

.:' al, 1959);~ If alrvay closure lIey be postuletad ln the-

, 
.' 
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dependent paradiaphragmatlc lung re'gions in \normal supine man, th en it 

15 ev en m re llkely in lateral' decublt~ ~Ubjects, 

-~hydro5tatlc p es sure on the dependent lung, i, higher. 

1 
activity ,along the cranlo-caudal axis of the dependent 

represented 

inspiration . \ 
, 

prefer ntial flov to 
\ 

bec~~se of airvay closure in 

for wholll the 
\. 

The uniforll 

lun~ probably 

beginning of 

by 

preF'èrend~ rIov to' tH caudal zones afteÎ'" opened and the 

large SVi~ in the pleural the depe'ndent 
\ 

paradiaphragmatic lung too~ F'F'ect. The distributio,n f the average 

flov may have been less unifo m than that of the acth i y because high 

ventilation per unit volume fo11ovlng alrvay opening vould have 

increased the III,CIg~itude of the der:1ominator of Eqn. 5.2 for the basal 

reglon. In contrast in the non-dependent lung, the alveoll vere 

inflated vell above their closing volumes, the ventilation per unit 
1 
fi 

volume vas lover, and probably the count ,ratios ver~ elose ta the 

ratios of the average flows and intraregional filling vas 

nonsequential. 

The measured cr~nio-caudal distributions ln the dependant 

lung vare affacted by some measurement error. Beca~e the lung regions 

of lnter-~st vere ~n' the total image, the lung IIsrgln'S used in 

_draving thelll vere those of full- inspiration. During expiration, 

however, the large change in position of the d~pendent hellli-diaphragll 

pushed the lung base ln the cephalad direction. The region-designated 

"basal" th en contained 6nly a ~ortlon of the lung base and included 

zones with no lung at aIl. The part of the lung base that had moved 

cephalad vas counted as part of the apical reg 'on during the later 

• parts of expiration. Thus. the distribution vas biased t'lice in favour 

of the apical 'zones. This error could be reduced in future studies by 
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the use of the separate images from the dynamic series instead of the 

, . 
staady-state scan, draving th. regions on each ohe, and adding th.m. 

Hovaver, the correct choi~e of the reglonal boundaries vould be 

difficult and the computation lengthlar. 

5.4.2 CURVES Or rLOW PER UNIT VOLUME 

'the v~ntila\on 

sinusoldal pattern for 

par unit volume vari~d vith tima in an almo5t 

noromal br.at~lng. ror subjects ln the left 

leteral decubitus position, the values i~ the depdhdent lung vere 

larger then ln the non~dependent lung, reflecting both the largar 

fraction of the flov to and frp. the dependent lung and its'lover lung 

volu ••• The substantial displae.ment of the diaphragm de5cribed by 

Roussos et al. (19161 affected both the static and the dynamic pleural 

pressures in the lateral decubitus postures. 

The calculated ventilation per unit volume incre.sed vith 

bath tldal volu.e and frequency. Of the tvo, the fraquency exerted the 

aora pronounced .ffect, vith the avara~e increa~e of ventilation par 

4' 

unit volume being 91% and 11% in the 18ft and rlght lungs, 

respectively, wh.n the frequenêv vas doubled and the tidal volume 

hahed to malnt.!n normal minuta ventilation. When the .inute 

ventilation vas tvlce the normal value, the average changes vith 

frequency vere slightly less, or 91% and 6~% in the left and r!ght 

lungs, respectivel,. Doubling the tidal volume at 12 breaths min- l 

caused average increases of ~nly 32% and 22% for th~ left and right 

lungs, vh!le doubling the frequency et the same tidal volume produced 

changes of 121% and 88% for the left and rlght iungs, respectively. 

These changes vith frequency and depth of breathing of the maasured 

ventilation per unit volume might be eau~ad by variations of the 

fi 
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pleural pressure swings, by stratification of the tracer concentration 

in the lungs, or by intrareglonal" Inequalitles of resistance and 

compliance. 

A change in the pleural pressure swings large enough to m,ore , ' 

than do~é the ventilation par unit" volume vh'~n th(,.freQUency vas 
/ 

doubled vithout a redistribution of the pressures over the chest seems 

unl1lc:ely, yet change as vould be 

expected for a 

the steady-state flov ratios did not 
~ 

different ratio of pleural pressure - sv i ~g~f --~-
F"urthermore,' the rbducti on in the effec_t of f'requency changes at 1 arger 

tidal volume and the~~FFect of frequency at constant minute ventilation 

are difficult to explain as pressure effects a(one. 

Stratification of the gas vithin the lung vould increese the 

measured ventilation per unit ~olume by decreasing the volume into 

vhicn the tracer vas dispersed. At higher frequencies, the isotope 

concentration arriving vould be slightly l'ligner (shorter transit time) 

, 
but the resi~ence time in the lung vould be much less. At higher tidal 

volu.es and constant Frequencies, however, the residence time vould be 

unchanged and the volume delivered increased 50 that the ventilation 

per unit volume might increase only slightly, depending on the the 

amount of stratification that existed at that frequency vith the lover 

tidal volume. The changes vould not of necessity be the same for both 

lungs. This explanation Is consistent with the data, but Forlc:ert et 

al. (1918) showed that stratification vas not the cause of the 

f~equency dependence oF regional washouts. The speed of inspiration of 
( 

a bolus of xenon-133 affected t~e frequency dependènce of its washout 

even if the residence time in the lung was the .am~ after fast and slov 

inhalations. Because xenon-133 equilibrates in the lungs and 

krypton-8lm does not, hovever, the possibility that stratification of 

4 
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", 

krypton-8lm wlthln the lungs contrlbutes ta the changes or ventilation 

par unit volume with flov rate cannot be excluded. 

The distribution of ventilation among ~egions ,expariencing 

the same pleural pressuras is determ!ned by the reglonal reslstancas 

and co.pllances. At lov flovs, the resis~lve pressura drop 15 small 

and tha distribution (ollovs the ragional compliances. At hlgher (lov 

rates, tha resistance accounts fçr a largar fraction of the total 

pressure drop and afrects the distribution more. A si.llar mechanlsm 

can explain the Intrareglonal changes in ventilation par unit volume 

vith incr.ases in fraque~cy and tldal volume. rorkert et al. (1978) 

considarad ragional inhomoganeitlas of time constants to be the 

principal cause or the (requency dependenca of raglonal xanon-133 

'\ " ( 
vash.outs. 

" 

, 
In tha dapendent lung ln tna lateral decubltus position at 

functlonal rasldual capacity, alrvay closura is llkaly (ROU5$OS et al, 

" 
, ,~ 1916>. Indead, a nonno.ogenous pattern of open and closad airvays \ has 

be.n seen in lung sections at modarate levels of inflation (Cil and 

V.tbel, 1912> and recruitment and deracruitment of alvaoll has bean 

••• sured vith aerosols (Smaldone et al, 1983). Thus, local difrerenees 

exlst ~ ln reslstance and compliance. At lower Flow rates, the 

contribution of the resistive pressure drop ls small and more of the 

drivlng pressure 15 aval1able for the expansion of partlally opened 

airvays. The arrlving air thus entera a diffuse reglon of the rung. 

When the frequency Increases, however, the higher flow rates generate 

Î 

'greater frictlonal lasses and the air anters only the lov resistanca 

passages. The volume of tne lung receivl~g the trac~r decreases, but 

the portions of the lung It entera experi~nee high volumetrie flowa. 

Tha Increase of flov rate caused by doubllng the tidal volume has 

( 
1 
1 

• 
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1 

siMilar affects, but vith the difference that the larger volume 
l' 

requires larger inflation of the lung. More of the airvays attain. 

diamatars large enough for lov rasistance flow and the Increase in the 

ventilation per unit volume with flov rate is lessen,ed. 

5.~.2.1 The volume considered 

The volu~e that vas under consideration in the flow par unit 

voYume curves that vere derlved from krypton-Blm dynaml~ scans vas not 

necessarily the entire gas volume of the lung. It vas that volume 

vhich the tracer could enter either by bulk flov or diffusion before it 

decayed. Thus, both trapped gas volume and zpnes for vhlch the transit 

time From the central airvays vas long relative to the,half-life of the 

isotope, if they existed, were omittad from the measurements. The 

degree of obstruction necessary before a ragion vould be unrepresented 

would be a functlon of the concentration gradient, determined by the 

strength of the krypton-Btm, source. Slovly ventilated regions are 

somevhat underrepresented in krypton-Stm scans eve~ vhen they appear 

(Amis and Jones, 19BO). The curves show- ventilatlon per well-aerated 

volulle. 

r 5 .,~. ~ THE SEQUENCE Of f'LOVS 

The curves representing the ratios of the flovs in the two 

lungs (fig. 5.,,) show that the dependent lung e.ptied and Filled 

~ 
faster than the non-dependent lung over most of the cycle. The Flow 

associated vith the non-dependent lung dominated only at the end of 

expiration and for a brief part of the cycle at the beginning of 

"-inspiration. Therefore, a large proportion of the air in-tne dead 

space at the end of expiration came From the non-dependent lung, and a 

large proportion of it re-entered that lung at the onset of 

1- ' ... -::; 



j, () 
<, 

1 
\ 

Page 133 

inspiration. 8ecause Or the lover krypton-B1m concentration in the 

de ad space, the activity measured in the non-dependent ~ung in the 

early part of inspiration underestimated of the Flov to that lung by an 

unlcnovn amount. Hovever, the volume of air containlng 

~) 
Icrypton-B1m at 

.. 
the inlet concentration is the same volu~e that cpntains oxygen at 21%. 

The .or~ significant portion of the inspirate in terms oF ga5 e~change 

i5 that vhich vas folloved vith the tracer. 

frazier et al. (1916) measured the Function of the individual . 
lungs in avalee man intubated vith a double lumen endotracheal tube. In 

'\ 

th~ lateral decubitus position they found asynchronous emp\ying of the 

lungs and asynchronous onset or flow limitation. During constant rate . , 

expiration rrom total lung capacity ta residual volu~e, the dependent 

lung shoved higher, though gradually decreasing, flov rates for about 

tvo thirds of the expiration. after vhi~h the increasing fl~w From the 

non-dependent lung began to dominate ev en before closing volume vas 

reached in the dependent lung. The onset of flov limitation in the 

dependent lung coincided vith a large increase in Flov From the 

non-dependent lung. A similar cross-over of the Flov rates vas seen 

during the cyclic breathing of Icrypton-B1m in air above fRC. Roussos 

et al (1976) noted the onset of phase IV of nitrogen vashouts in the 

lateral decubitus posture at S8X VC during normal bre~hing, suggesting 

that airvay closure may occur at high lung volumes in this position, 

and Engel and Prefaut (1981) round 'evidence suggestive oF closure in 

the~dependent. paradiaphragmatic regions ev en oF supine man at FRC. It 

1s ~ot unreasonable to suppose that some flow limitation occurred 

during these experiments. 
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5 ...... PI-fASE 

A phase difference between the flow per unit volume curves 

'for the right and 1eft lungs e~fsted in most subJects for Most 

j 

.anoeuvres <Table 5.1). It provided further evidence of, the, soeQuential 

p~ttern of ventilation in the left lateral decubitus position. A phase 

di'ff/rence bet",een the pleural pressure sllings on the lungs could have 

caused one lung to fill before the other (Chapter 3), but even without 

a lag in the pleural pressure swings, a lag i~ the flow 15 predicted 

for pleural pressure svings of substarytially dif{erent magnitude 
1.,' 

(Fig. 3.6d). Under t~ose conditions, the compartment vith the larger 

pressure swing leads the other and also receives the greater tidal 

volume. The phase difference is' caus~ the -nonl inear 

volume-compliance relationship of the lung. In tha experiments, the 

pleural pressure swings may have been in phase during inspiration and 

out of phase during expiration. On expiration, the abrupt change in 

pleural pressure on the left (dependant) lung as the abdominal contents 
" -

recoiled agalnst the nevly relaxed diaphragm prob;Oly caused a phase 

advance in the pressure svings. 

5 .... 5 PROBLEHS or HETHOOOLOGY 

Ouring the analys1s of the data, some problems of methodology 

.became evident. It Is useful to consider them in conjunction vith the 

experimental findings. They should be corrected in any future work. 

The principal experimental problem vas the veakness of the 

krypton-Blm generator. Because the activity arriving in the lungs vas 

lov, many breaths vere needed for adequate representation of the 

breathing pattern. Subjects found ft difficult to remaln·~5tl11 and to 

breath in a regular pattern for more than a fe", ~inutes. The range of 

l, 

," . 
". 
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'requencie~ and tidal volumes vas restric~ed to those not too different 

fra. normal since the control of carbon dioxide levels for lengthy 

pariods of hyperventllation is difficult vithout gas mixing apparatus. 

Horeover, the resolution of the images deterioràted as the count 
~ 

rate 

approached the bac~ground'levels, and the count rate dropped vhen the 

flov of air i/'lcreased. '\0 extend the measuraments to highar 

fraquencies and tidal volu.es, and to measure over smaller regions, 

.ore poverful sources of the isotope are necessary. 

Many untasted hypothases remain because physlologlcal 

parameters could not be measured in conjunction vith the activity from 

the lungs. For further investigation of the dvnamics of braathing, 

.ore experiments vith simultaneous pneumotachograph recordlngs are 

needed. To test the effects of pleural pressure changes and muscla' 

activity. oesophageal pressures and electrollyographic signaIs froll! lthe / 

diaphragm should be recorded alsa, synchronized vith the activity 

allov construction of an average breath cycle of these param;>érs. 

Unfortunatelv. su ch experiment could be performed in only the very fav 

centres equipped vith a gamma camera linked to a computer vith multiple 

analog ~o digital channels) 

Soma information that might have been of interest vas lost 

durlng the reconstruction of the average breath. In addition to the 

.atrix of the total activity for each one-sixteenth of a breath. the 
"0 

standard deviation of the resultant activity-time curve could have been 

, 
retained as a measure of the intercycle varlability at each point. 

Although this vould not alter the basic Interpretation of thé curves, 

it vould help in determlning hov best to fit the. curves ta other 

physiolog~cal parameters. 

/ 
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5.5 CONCLUSIONS 

Steady-state krypton-SIm measurements in 

" 
position supported the predictions 

the left 

of the 

pressure-driven model (Chapter 3'. There vas no eVidince that 
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C 
lateral 

pleural 

changes' 

in the overall distr.ibution of' a tidal "breath vere caused by the 

variations of Flow rate generated by increasing the tidal volulle and 

frequency vi th!n the measure"d range. Because the range of the 

measurements vas narrov and the intersu~ject variability high, the 

results did not constitute proof oF the model; nevertheless, they 

supported Its predictions. 

The use of agas reservoir for mixing krypton-BI. and air was , 
shown to -be bath nec~ssary and e~fective for the maintenance of a 

• 
nearly èonstant inlet concentration. Its major, dravback vas the 

î\ 
decrease of the activity of the krypton-SIm arriving at the mouth. 

~~ .... ~ 
breatR"s--<"-,; 

,/ 

Dynamie informat~on vas obtained from average 

.eesured vith krypton-Blm. Thermao~itude oF the curve~ of the regional i 
1 

f 

ventilation per unit volume increased signifieantly vith both 

and tidal volume. The flow °was se en to favour ~he dependent 

-.1 

Frequen7~ . 
~ .

lun' ~~-rver 
/ 

.ost of the cycle but ta be preferential to the non-dependent lung at 

the onset of inspiration and of expiration. The nondependent lung was 

thus observed to receive most of the deadspaca gas. The sequential 

\ nature of ventilation in the left lateral decubitus' position was 

evident. 

Al though representati ve breaths previously l'lad been 

reconstructed FroM list mode data (Kaplan et al., 1982), the cycles l'lad 
, 

not been interpreted physiologically. Through the use of the model of 

krypton-Blm dyna.ies, the activity vas re-expressed in te~.s of the 

\0" 

---",_ ... -.,,:, 

• 'y , 
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ventilation per unit volu •• of a raglon. vhich vas presented as a 

1 ~FUnCtiOn of Ume. Information about the sequential nature of 

ventilation in tne left lateral decubitus position, available 

prevlouslV only From intubated subJects, vas obtalned nonlnvasively 

rra. a lung scan. 

,1 

, 

1 
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CHAPTER 6 

LUNG SOUND ~EASUAE~ENT5 1 
6.1 INTRODUCTION 

. , 
-For many people the stethoscope 1s the instrument most 

symbo11c of 'clinical medicine. Physicians routinely listen to the 

sounds of breathing to obtain insta~t, useful, qualitative information. 
r, 

Vith ev en limited experience some differences in the sounds fr~m 

healthy and diseased \lungs are apparent. Physicians Iearn to 

distinguish among "coarse and fine crackles", "wheezes" and "rhonchi", 

or perhaps "coarse raies", "crepitations", and "5ibi lant 
/,' 

or sonorous 

rhonchi" U1urphy, 19811. The causative physics and'physioloOy may be 

unknown, but the sounds can be 'associated' with different states of 

heai th. 

Hore quantitative interpretations of lung sounds have been 

sought. The intensity of the 50unds of normal breathing l'las been 

reported to reflect the distribution of pulmonary ventilation (LeBlanc 

et ,/1., 1970; Ploysongsang et aL, 1977, 1918,1982) but other work 

(O'Donnell and Kraman, 1982; Kraman and Austrheim, 1983) l'las cast 

doubt on thlS Interpretation. Few of the reported results can be 

interpreted easily. 

This study was undertaken in an attempt to quantify the 

effect of airflov on breath sounds and to consider the potential of 

sounds for the measurement df the distribution. of venti lation. The 

problem add~e5se~ was the definition of the relationship between the 

airflow at the mouth and the breath sounds detected over the chest. , 

_._---.....,.....- .... -
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6.2 MATERIALS AND HETHODS . . . 
6.2.1 MEASUREHENT 

, . 
Sounds oF normal.ad~lt breathing vere recorded From three 

sites, tvo on the posterior thorax and one on the right anterior chest. 

/ ' 

The recording sites vere used in pairs, the right anterior-posterior~ 

pair vhile the subjects vere seated and the right and leFt dorsal 

locations while the subjects were in the left laterai decubitus 

position . 
.' . 

Three identical piezoelectric microphones (General Rldio ty~e 
f , 

1560-P5, Ceneral Radio, West Concord, Hass.) detected the lung sounds. 

The listed bandvidth for the microphones was 20 Hz to 20 kHz; in a 

test in an anechoid chamber, the response of one of the microphones vas 

fiat ±~ dB From 250 Hz to 2 kHz, and Flat ±1 dB to 500 Hz. The 

microphones, mounted in aluminum housings, vere fixed to the chest vith 

a silicon adhesive (Hollister, Chicago, Ill.) reinforced vith adhesive 

tape. The surface of the housing in contact vith the skin vas an 

annulus of outside dlameter ~.6 cm surrounding the opening to u the 

cavity (diameter 1.8 cm) in vhich the microphone vas recessed. The 

height of the entire housing vas 4.3 cm, composed oF a cvlinder of 

diameter 3.5 cm and height 3.1 cm vhich Flared to farm the mounting 

ring of height 0.62 cm and diameter ~.6 cm. The mass of the microphone 

assembly was 125 g. 

f' \ 
Each microphone vas air coupled to the chest thraugh a 

'"1 > 1 
t~ 

~ , 
cylindrical space 1.8 cm in diameter and 0.95 cm deep. Because the 

cavity was small relative ta the vavelengths of the sounds that vere 

( 
present, it could be modelled as a Helmhotz resonator (Kinsler et al., 

1982). The resonant frequency for a cylinder of this volu.e Is 
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3.9~ kHz, outside the signal bandvldth. The cavity was kept at .ean~_ 

<1 -

atmospheric pressure by a 20-gauge needle that provlded a Lov freQueney ~~ 

pr essure l eak to the room. 

As the lung parenchyme has been reported to aet ,as a 

band-pass filter betveen 100 Hz and 1 kHz <Riee et al., 1983), and as 

in test measurements vIth the experimental apparatus, no power vas seen 

above 500 Hz, a measurements bandvldth From 100 to 800 Hz vas selected. 

The output fro~ the .icrophones vas passed through a fourth-order 

+ 

/ 8uttervorth high-pass filter vith the corner frequency set at 100 

~Zl (Rockland model ~52, Rockland Systems Corp., West Nyak, New York)~ 

Y, ampliried 1000 limes (Gould 4600 Preampli fi er, Gould Inc., Cleveland, / 

'. - OhIO), then low-pass filtered at 800 Hz vith an eignt-pole Bessel 

filter <902LPF, FreQueney Deviees, Haverhill, Mass.) before being 
/ 

\ 

sampled by a 12-bit analogue-to-digital converter CLPA tl-K, Digital 

Equipment Corp., Maynard, Hass.) at 2 kHz <Fig. 6.11. 

, 
'"' -

The flov of air at the mou th vas .easured uslng a capl11ary 

pneu.otachograph (Fleisch number 3) and a pressure transducer (DP~S 

± 1 in H20> and dellodulator system <CD101, Validyne, Nort.nrldge, 

o 
California). The Flow signal also vas lov pass fl1tered at 800 Hz vith 

an eight-pole Bessel Fi 1 ter bef'ore being sBllpied at 2 kHz .. 

si.ultaneously vIth the sounds (Flg. 6.11. 

The microphones on the back vere placed approximatèl y helfvay 

betveen the spine and the mid-axillary 1lne, 5 cm belov the edge of the 

scapula to record sounds From the lover lobes. The one on the anterior 

chast vas located over the thlrd intercostal' space, midway betveen the 

-----(-, ax i Il a and the sternu'tn to detect t.he sounds generated' in the upper 

/ lobe. The microphone coupling vas checked by observing t.he breatn 

------..... _ ...... ""' •• _.~ .. ~I4l ..... __ ,~_~ ...... ...- _~ _._~ ____ "' __ ~ ____ ._ .. __ ~ __ ~ _______ _ 
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sound patt~fn on the osctlloscope; the signal to noise ratio vas 

1 

se'1sitiva to t~e adhaslon of- the microphone assambly but the signal 

itself appeared unchanged if the microphone vas m~w centimeters 

in any direction. 

The re'corded sounds evidently' IoIere related to the' flov 

(Fig. ,6.2). Although slmi'-lar-loolcing signal bursts could be produced 

on an osc ill oscope at zero fI ov by aJ;"m mot i ons or by contract i ng the 

-
respiratory muscles against El closed glott.is, vl'len the sounds vere 

monitored simultaneously on the oscilloscope and tl'lro~gh El pair of' 

_earpnones, signaIs of tl'lis shape corresponded ta normal brQatl'l sounds. 

Pertinent characteristics of the eight subjec:ts who 

participated in tl'le study are given in Table 6.1. tOI'" the fi,st set of' 

three dat~ acquisitions tl'le subjects sat leanin; slightly forvard, 
, -'-.. 

l'lands rest i ng on Icnees. rOI'" t'he second set, they layon their left 

si,des, their heads resting on a pi llov and thefr laft arms co.f'ortabl y 

bent. The goal- in the arm positiohlng vas to Ic:eep tl'le muscle at:tivlty 

beneath the microphones to ami ni-mum. Subjects observed the i 1'" fl ov 

signal on an oscilloscop~. 

The different eKperimental cases are summarized in Table 6.2. 

~ 

The fi rst record i ng in each pos i t1 on vas of 20 seconds of rhythm i c 

br.ath ing. The subject' attempted to maintain a moderate 
\ 

flo", ",ith a 

regular t",o second inspiratory period and tlolO second expiratory periode 

ror the second record, 30 seconds in length, a stimulus (Fig. 6.3) 

consisting of randomly ordered flov rates, constant for tvo seconds and 

vith lIagnitudes of 0,0.15, 1.0 1.5,2.0, and 2.5 LIs, ",as dlsplayed to 
.' " 

" th,- subject. 

" 1 \ " 
~~Piratory flov of the same magnitude in 

Each insplratory flow ",as folloved Immediately by an 

the hope that tl'le subj.ct 



[ 
b 

1 
i' 
f 

i 
• 1, 
. , 

'. 

'~ 
o -

, 

2.4 

1.2 

o 
LI. 4 

-1.2 

Page 1 .. 3 

, ' 

-2.4~----~--~--~~----~--~ 

o 1 2 3 

T~me (s) 

1.2 

S-
0.6 

E - 0 
"0 
C 
::J 

~-O.6 

-1. 

0 1 2 3 
Tlme (s) 

fig. 
s10nel 

6.2. A. sample breaU, ",itn the sound 
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Subjact 

1 
:2 
3 

-.:4 
5 

~6, 
L \ 7 

8 

Case ,: 

Case 2~ 

Case 3: 

::;-
TABI.E 6.1 

"- , 

PHYSICAL CHARACTERISTICS or SUBJECTS 

Age Heignt (II) Veignt ( kg) Sex 

2411 
29 
27 
27 
28 
28 
32 
28 

Seated 

5,eated 

Seated 

1.15 82 m 
.t.~3 , d2 m 
1.88 88 m 
1.,18 55 m' 
1.65 65 m 
1.66 6S f' 
I.S7 56 f' . 
1.83 1S m 

, 
• TABI.E 6.2 

EXPEAI"ENTAL CASES 

Regular. deep breatnlng 
Period of' each braatn = .. s 

lt'"acklng given f'101l rates and 
Length of' each f' 1 011 segment = 

Tracklng given f'loll rates and 
Res i stance added at the mouth 
Length of' each floll segment = 

patterns 
.. s 

patterns 
piece .. s 

IIhen seated: 
t11crC?phone 1 
Hi crophone 2 

Right anterlor chest <Upper lobe, non-depend,nt) 
Right posterior chest (Loller lobe, dependent) 

Case 4: 

Case 5: 

Caee 6: 

Lef't Lateral 
Oecubi tus 

Lef't Lateral 
Decubi tus 

Regular deep breathing 
Period of each breath = .. s 

Tracklng gi ven fI ail rates and patterns 
Length of each fI 011 segment = .. s 

Left Lateral Tracklng given fI 011 rates and patterns 
Decubitus 'Resltance added at the mouth pieca 

Length of each r 1011 segment = '" s 

IIhen ln the left lateral decubltus position: '. 
Microphone 1 Left posterlor chest (Lower lobe, dependant) 
Microphone 2 Rignt posterior cnest (Lower 'lobe, non-dependen~) 

\ 
\ 

~ 
.-' 

" 

.. 
" 
l 

-
,,'li 
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• 

- J 

o 10 20 
Tlme (8) 

30 

Fig. 6.3. 
experlments 
the pattern 

The trac:lcing stimulus. This pattern VBS dlsplaved durlng 
2,3,5,and 6. Subjects vere instructed to att •• pt to match 

vith the breathing signal from the pneumotachograpn. 

, 
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vould m.intain a steadv ·funct1onal resi.d\Jal capacity. The pattarn 
". ' .. 

repaated everv 26 seconds. aecause it vas i.possible for subJects to 

lIIaintain the constant flov for a full tlllO seconds, partlcularly at tha 

h1gher flov rates, thev vere !nstructed to trv to reach the target flov 

and to hold it for as long as possible; then'tto alloll their flov,rate 

to drop to zero but to vait for the stiMulus before their next 

The third recording of eaeh sequence 

differed tha second only ln havtng a resisth. load of 

3.5 CM H40/L/s (~SO lePa .-3 S·I) addad betva,en the lIIouthplec. and t.he 

Sa.ples of the flov patterns generated bV one 

subJect ar. shovn in rig. 6.~. 

6.2.2 'ANALYSIS • l ( 

Th. stor.d sound and flow signais va,.e er.ated usin; the 

Signal processin; language, Nexus (Hunter and Ke.rney. 1984) ~ first. by 

con.idering the envelopes of the sound signaIs, i.e. t,the root .. aan 

. / 
squara sounds, and second 1 y by exa. i n i ng t.he sound,.'spact.r •• 

1-

6.2.2.1 Smoothed Root Mean Square Sound Envelope 

To study tha variations of the sound aMplituda vith the flo" 

>-

the sound'~ignals vera demodulated (rig. 6.5). The standar~ deviation 

of the sound vas taken over '0 msec intarvals to obtain the root •• an 

square 51gtllal at a reduced sampI ing rate. Because the av&raging 

involved in calculatlng the standard deviation IOIl-pass filt.red the 

signal by eli.ina~1ng fluctuations of period less th an 10 .sec, the 

nu_ber of points could ba reduced without risk of d1storting the lowar 

frequency 1 nformat l on, f'urther filtering lias accomp 1 i shed by 

.< 
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t 

" 



\ 
1, \ 

, \ 
,,' 
~ , 

---

, , 

! 

. ~ 

rj 

\ 

·t 

. " 

paqe ,<111' 

~ 
0 . -LI. 

'-3 
~ 

0 10 20 ., 
Tlme (s) 

b 
jIOIIIoo 3 fi) 

" ..J ...... 

~ 0 

-LI. 
-3 

0 10 20 -30 
. lime' (a). 

jIOIIIoo 3 
1) 

" :.J ...... 
~ 0 
o -LI. 

r / • 
;. c 

-3~--~----.---~---r~~--~ 

o 10 
. Tlme (s) 

Fig. 6. <II. Sa.ple fI cv patterns. 
b) Tracking (Case il. cl Tracking 
Subject 3, seated. 

20 

al Regular 
through the 

30 

bre~th i ng (Case' 1 • 
resistcr (Case 31. 

l 

! 
1 , 1 

l 

. , , 

i 



! 
f 
J 
1 

" 

( 

1 

SOUND 

STANDARD DEVIATION 1 
Of" 10 POINTS 
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f· 

nov 
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F'ig. 6.5. Signal treatment for amplitude analVsis. The steps·. 
F0110wed to obtain the sound amp li tude envelope and the !5qu~re of the 
Flows from ,t"e sampled signaIs are shéwn. The analyslS per(ormed on. 
the resultant signals are indic~ted • 
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ri 
convolving the signal lIit'" a ftnite i.ilpulse response Filter with a 5 Hz 

,eut-off FI"equency. This Frequency ",as set s!ightly' nighel" then the 

bandvidth of the flow to rellove the fluctuat.ions that lIer-e not the 

output of a Ilnnr system acting on the flov but to IIvoid distorting 

those that. could have been. The f1o"'_,signals ver& seOMentally averaged 
, - , 
1 , 

over 10 ,.sec intervals and then convoI vlitd IIi t.h the sa.e fini te lepulse 

response low-pass filter. 

Stotlel, 

Pr-eliMinary anâlysis of the data 'hollad that the sound 

a.pl.itude v't-ied' lIith, th. square of the flow, but that lnspiration and 

expiration followed different Functional r.lationships. Thèr.;ol"e the 

pr-oport1onality beheen ,the floll squar.d and the sounds occurring 

sl.ultaneousl'y, the statie component of thlit ,..latlonship, ",as studied 

s~parate 1 y for 

cyc 1 e, the sounds 

•• eh Flo'" direction (rig. -6.6>. 

- '/ 
tnat oceul"r.d during negati ve floll "'ere dropped froe 

tor the i l'lspiratory 

the signal, as "'.1'. the nag.t~e flolls thelllseives. A 1 in8er regression 

vas pe ... For •• d betlleen the squared insp i rator-y Fioli and the 

correspond i no sound. tor expiration, the negativa Flo1/5 and lIIatching 

sounds "'era treated sl.11arly, with the inspi ratory seg .. nts r •• ovad. 

Dyn"ie' 

Th. lung sounds lIe ... e consldered to be tHe sua of tt... outputs 

of tllO 1 inear tlnle-invariant systeMS in IIhic:h the inputs lIar. the 

inspiratory and expiratory 1'10101 rates raisad to the second po",ar 

Ctig.-6.7). TNe systellls lIere studied sequentially. Inspi ratory Fioli 

vas isolated by setting all negatlve f10\ls to zero. The expiratory 

floll vas defïned I!IS th. dif'ference bet"'een total flo'" and inspiration. 
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F"LOW 

L~ __ 

/.,IQO \ Hz SMtPl,INC' 
'è ~ 

EXPIRATORY fLOV SQUAREO INSP 1 RA TORY F"LOW SQUAREO 

t t 
1 

t D t SOUND AMPLITUDE 

LINEAR LINEAR 
RECRESSION 

'" 
REGRESSION 

J /. ., ' 

1 00 Hz SAI1PLINC 

\ 
\ 

" 

EXPIRATION lNSPIRATION 

fi g. 6.6. The regress ion betveen the sound amplitude and the square 
of the simultaneous flow. The second power of flov for use in the 
static analysis was obtalned by separating the positive and negative 
flows before squaring them. The time axis vas compressed, removing the 
times corresponding ta the other phase of the flolt. The corresponding 
sound ampl i tude signal was extracted for eaeh phé\se and a 1 inear 
regression performed. n = 1600 (Cases 1 and "f) or n = 2800 (Cases 2, 
3, 5 l'and 6). 
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SOUND 

AttPLITUDE 

P R8 DIe'! E D 
SOUND 

4J1PLI'I'UDI 

R8S1DU~L 
SOUND 

Jo JI P Ll'l'U D8 

RESIDUAL 
SOUND 

AttPLITUDE 

. 

fig. 6.1. The li near dynam le systems analysis. Italies Indieate t.he 

quant i ties ealculated in ,each step. Roman type. shows data or, 

quan~ i ties ealculated in the previous steps. H(fl represents t.he 

transTer function. h (t) the impulse response fretion, and Q 

airflow. 
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" f"irst, the square of the fnsplratorv floll was used as the input and the 

total measured sound vas consi dered te be tne system output plus noise 

consist i ng of the sound generated by the e·xp 1 ratory floll plus the other 

experimental noise. The fi 1 ter batween t.he square of inspiratory flov 

and sound vas found,and was convolved with the input. 

prediction of the Inspiratory sound sa generated was subtracted From 

t.ne .easured sound and the 1 inear relationship found betlleen the 

reslduals gnd the square of the expir'atory Flow. The gB 1 n f phase and 

coherence transfer functions bet.ween the sqlJared Flovs and the sound 

vere calculatad as an alternative method of portraying t.he best 11near 

.oda15 of' the relatlonshlps. Tha cross-corr.lations batveen pairs of 

sound signaIs a1so lIere computed. 

\ 6.2.2.2 F'requency Spectra 

To st.udy tne sound spectre et dl((.rent (lov rates, 
t 

port.ions 

of th. tracklng stud1es ..,here t.he fla.., VBS nearly constant. v.r. 

selacted and t.he pover spact.re of the sounds ,rom aaeh microphon. 

computed (fig. 6.8>. The rail signal, not the demodulated alDplitude 

env.lope, vas used. The pover from each microphone lias calculated ln 

----60 Hz band..,idths.- Because the stat,le relatlonship bet",een rIo,", and 

sound amplit.ude vas seen to be a pover la"" the constants ln the 

assulled relationship, P = a CO vere determined for each frequQncy band 

by findlng the coefficients of the regression between the logaritnms of 

paver and mean flow. A least-squares fit was used despite the 

logarithmic transFormations sinee the prineiple of least squares May be 

invoked to find the minimum I/ariance estimates of parameters without 

assumlng normal dist.ributions (Cuttman, \t'flics and Hunter, 1911) • The 

exponents of the pover law expression lIere computed sim! larly for the 

L 
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6.8. Spectral analysis. 
scanning the flow curves. 

SOUND 2KHz. .... 

AT CONSTANT FLOW 
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A region of constant Flow vas selected 
The raw sound signal (2KHz sampIlng) 

occurring at that time vas extracted and its power spectru" comput.d. 
It vas cha~acter 1 zed _by the maàn and standard deviat 1 on of the fl ov. 
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t'1,ta 1 paver at each fl 0\1 rate, vhere the paver vas round as 'the 

vari ance OT the raw signal. 

6.3 RESUL TS 

6.3.1 SYSTEM STATICS: THE ALGEBRAIC EQUATION 

The gains (slopes), ofTsets ('y' intercepts), and percent age 

of the variance accounted for by the 1inear re1atl!OnshJPs bet",een Flov 

'~;',I,,' squared and the simultaneously occurring sound ar'l given in Tab)e 6.3. 
'J' -!t.:. 

The points lost because ,of paer microphone .coupl i. ng as defined by 

aberrantly la"" sIgnal power are indicated by dashes. LOll va 1 ues of the 

vari ance accounted far do not mean bad data, but records vhere the 

static linear model vas'-inadequate. 

fi 
As each record represented 20 ta 30 seconds of breathing, 

good corre 1 ations (high variance accounted Tor) indicated breath to 

~ 

breath reproducibi 1 i ty as ",ell as 1 inear'i ty. During , inspi raqan the 

relationship lias genera11y very goad, accounting for hi,gr percentages 

of the var i ance in the sound amp 1 i tude. The reproduclbi 1 i ty between 

trial silas moderately good, also. as shovn by the repeat measurements 

on subJect 7. Sorne i nspiratory records shoved a poor 1 inear 

relationship bet",een flo", squared and sound. In o\'1e of these cases 

(subject 3). a distinct threshho 1 d vas seen ab ove ",hich c1ean sound 

SignaIs vere recorded. 

With fev exceptions. the straight-line fit during exp(ration 

lias a very poor representat i on of the data. 5 i nce the amp 1 itudes of 

( 
the expiratory sounds ... ere often 10 .... one reason may have been poor 

, 1 

Signal ta noise rat i 0-:-/ Hoveve\-. because clear signaIs vere visible ~ 

many cases, a non-linear relatH>nship was also lilcely. 

... 

" ) 

" .' 

\ 

, . 

\ . , 

'1 
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TABLE: 3 
-< 

··t STATIe CAIN 8ETWE:EN SECOND POWER or rLOW ~( '" .. AND SOUND AMPLITUDE 

C~~ INSPIRATION .5 :; 
~ 

Hicrophone 1 Microphone 2' 
.' - SubJect. Cese Cein O((set. %VAr Cetn Offset %VAF" 
~, 

1 
Seeted 2 0.85 0.67 B3 0.56 0.80 M 

., 3 0.76 0.66 1 .. 0.59 0.85 7S 

Left. :'V ... 
1,)- Lelarel 5 0.73 O.H 13 1.26 .1.02 87 

Decubitus 6 0.56 0.73 76 0.82 1.13 81 

}, 1 1.60 0.25 72 
Seeted l o ... 6 0 .. 79 85 0.63 0.81 80 

3 0 ... 7 0.72 89 0.65 0.12 85 , 

Left. .. -- \ I.ÎH 0.78 5'" 
Letel'el 5 0.26 0.97 ~~, 1.5" 1.27 es 

Decubitus 6 0 .... 5 0.81 1.97 1.06 '8'" 

., ~ 1 0.90 0."1 ' 75 0.'10 1. St 23 

«C- 5eet.ed 2' 0.96 0.76 83 D.65 1.07 10 
3 0.81 0.88 8 .. 1. 23 1. 10 32 

3 
Left. .. 0.78 0.61 6" 1.17 2.25 67 

leterel 5 0.59 0.17 8" 1.35 ", • 55 89 
Decubl tus 6 0.56 0.92 6 .. 1. 95 1..119 ,89 

1 
~ 

0."0 83 -
"" Seeted 2 0.93 88 ~--' 

3 \ LOI S" 

'" Left. .. 0."8 79 ..... 7 0 ... 9 79 
Let.re} 5 0.73 83 3.03 1. 01 9'" ... ,' 

Decubitus 6 O. SI . 83 2.78 1.'10 92 
,l~'-.... 

" 
~ 

1 0.00 65 1.87 0,00 76 
Seeted 2 1. 3~ 0.56 15 \ 

3 \. 6 .. 0.73 83 ~[~, 
5, .-

Left " 2 ... 2 0.36 70 1. 35 0.99 76 
, 

Leterel 5 1.33 1.03 76 1. 75 0.66 85 
Decubit.us 6 1 . 1 1 0.72 69 1.79 0.7" 81 

1 5.36 0.81 ,95 
5eet.ed :2 , .19 0.83 65~ 3.57 1 . '17 93 

3 2.07 0.69 73 2.7" 1.19 79 
6 

0:99 Left '1 1.25 78 2.7'" 1.19 19 
Leterel 5 2.11 0.76 90 3.66 1.'16 80 

Decubit.us 6 1.83 0.92 89 5.9'" 0.91 81 

1 1. 13 0.93 75 3.19 0.89 89 "J 

~~--
Seet.ed :2 , • , 2 0.81 13 3."'9 0.9:2 83 

3 1. 36 0.1"1 66 3 .. , o 81 67 
7 

~ 

'" Left .. 1:.:2 . 16 0.9'1 85 3.51 1.09 88 
let.rel 5 2.00 0.87 81 3.23 1.0'" 83 

,.; Decubitus 6 1.62 1.15 15 1.16 1.33 26 

" , '\ --.-
---. Cl 1 0.35 0.9" 70 0.78 1.::21 81 
}'" ~ .. Saetec::f :2 o 36 0.19 68 0.71 1.01 <47 

3 0.50 0.82 S9 1. 55 1.20 ... 9 , 

8 l 
left .. 0 .... , 0.58 "'5 1.23 0.98 86 ~ 

lliterel 5 0 .... 8 0.7" 10 I.l0 0.87 87 i Decubit.us 6 0 .... 6 0.68 ... 3 0.95 0.80 8'" 

.' 
eont.lnued ,l< 

t 
.:.~ 
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:-TA{lLE 3 -- CONTINUED 
EXPIRATION 

Microphone 1 Microphone 2 
SubJect,. Cose Goin Offset 7.VAf Coin Offset 7.VAF' 

, 
SlIotlid 2 0.83 1. ... 2 35 0 .... 3 1.08 ."'s . 3 0.12 0.91 6 0 .... , 0.91 2 . 

Left " Leterlll 5 0.39 0.72 67 0."9 1. 18 6 .. 
Decubitus 6 O. Il 0.88 0 0.17 1.23 36 

1 0.89 0.18 '2 
Suted 2 0.23 0.73 72 0.11 1.00 35 

3 0.11 0.1'" 62 0.10 0.73 -43 
2 

l.n .. 0.13 1.37 0 
Leurél 5 0.28 1. 01 :3 0.20 1 . "9 28 

OeculHt,us 6 0.15 0.91 32 0.29 1.28 ~3 

, 0.31 1.06 25 0 .... 8 1.18 33 
5uted :2 0.55 1. Dl ... 8 0.68 1. 1 2 5 .. 

3 0.11 0.95 30 0.01 1.50 0 
3 

Left " 0.16 1.17 18 0.60 1.80 -61 
, Leteral 5 0.5" 0.72 68 1.60 1.12 11 

Decubitus 6 0.11 0.81 33 0.5 .... ~ 1.28 51 

1 0.51 0.11 ... 8 
Seat'Ild 2 0.59, 1. 38 35, 

3 1.11 1.17 ... 7 '-

.. 
Lllft ... 0.30 0.6" 50 , .01 0.68 61 

Lllurfl,l 5 0.3" 1.02 35 0.36 1.91 ~ 1 
Decubitus ,6 0.30 0.83 33 0.50 1. .... 21 

1 -0.19 1.90 13 O.\.6 1.25 23 
SlIlItlld :2 0.20 1.08 3~ 

3 0.36 1.17 17 
5 

left, .. -0.1'" 2.88 6 -0.12 2.58 2 
Loteroi 5 0.06 t. 91 2 0.39 1.53 39 

Decubitus 6 O.,''' 1. 39 L , 0.33 , .89 :3 

1 3.98 0.81 85 
SlIlIted 2 0.81 0.73 ~ 2.50 1.51 92 

- , 
3 0.51 0.12 1.13 , .1" 33 . 

6 
. , 
, . 

'" ,...: ~ /' 1,.IIft .. o 90 1.02 13 0.98 , .2" 58 " 

Laterel 5 0.83 1.01 92 0.81 , .08 80 
Decubitus 6 0.87 1.08 80 1.37 1.39 61 - 1 

-;. l 
'-

~ 

1 1.02 o 92 -' ... 6 , .90 0.95 60 ~ 
Seat.ed 2 1. 50 0.13 82 2.37 0.98 8' " 3 1.30 0.63 10 , . 12 1.20 ... , il . 

1 
Lllft. ... 0.96 1.00 60 0,50 1 0 ... 52 , LaUrel 5 1.' 5 1 02 1 ... 0,69 1.02 11 

Decubit.us 6 1 12 1 20 ... , 0,417 1.25 "'1., 
4 , 0.10 0,83 ...... 0,5'" 1 .08 8 .. 
,l( 

Seatlld 2 0.15 0.9" 20 0.65 1. 29 39 
3 0.'6 0.10 28 0.31 0.91 23 

C) 8 
Llln 1 0.12 0.62 63 0.53 0.13 85 

Lot.erel 2 o., ...... 0.61 .,0 0.99 0.92 ... 6 
Decubit.us 3 0.52 0.72 5 0. 371 0.73 58 

cont.inuecl 
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TA81..E: 3 

INSP 1 RA TI ON RE:PtAn:O I1E:ASURE:rtENTS 
Mlc:ropho"e 1 

SubJ.ct ClIse Coln Offset 7.VAF" 

1. 70 1.50 83 
7 1.20 1.90. 71 

Seoted \e 1.:10 :1.10 70 
Decubit.u. <C 2.00 1.90 79 

(XPIRATION - RE:PEATtD rttASURtrtENTS 
111cropl->one 1 

SubJect. Co •• CoIn Off •• t TovAF" 

Seot.cI " 
Decubitus .. 

1 .50 1 .60 
1.50 1.50 
1.50 1.60 

,~.OO 

J 

90 
79 
76 
21 

) 

CONTINUE:D 

rt 1 cropt'lone l 
Cdn OHset 1.vAF" 

3.50 1.60 91 
1.60 1.00 69 

tl1 crophone :1 
Celn orr.et. %VAr 

".:10 
0.60 

1.30 
0.60 

96 
87 

Not.e: lndicot •• detu. unaval1ebl. beceu •• of poo~ microphone 

" indlcot •• ~.ot.d olcrophone 1: Rignt posterlor 
oicrophon. l: l.ft. posterlor 

" 

The 11n.er regr ••• lon was performed uslng aIl points of inspiration or of ex-

pl ,.aU on. The .ean sound amplitude of each 100 •• we. cotpored to~' .eon 

flow for the .0 •• 100 ••. Th. gelns (slope. of th. r.gresslon I1nel, off •• t. 

'interc.pts) end varianc. account.d 

'IVAr :II: r l x 100) ar. reported. 

Cain 1=1 V/C.6/.l ) x 10-:1 

Offset [.J V x 10-:1 

',or by t.he regre •• lon 
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Both the 8dequacy and the shorteomlngs of the algebraie 

relatlonship as Il mOdel between flow and sound are evident wh.n sound 

'aMplitude ls plotted against the square of the flow for one ~icrophon. 

(Fïg. 6.9). The loop represents one breath durlng vhlch the sound 

aMplitude had two values for the same flov depending on vhether the 

flov was Increllsing or deereaslng. In the example plotted, becaus8 the 

lower sound levels occurred dur!ng accelarating flov, Il volu.. .ffect 

like that reported bV LeBlanc et al. (1910) vhere the sound intensity 

\ 

vas decreased et higher lung v~lume does not explain the differenc •• 

In the experiments reported here, the loops,occurred ln both directions 

durlng some ~experlment5. The looping do.s not indicate a pha.e 

diffarence between sound and flov; the impulse raspons~ functlons 

( (rig. 6;10) show no lags betveen nov and sound,,f and t.ne 

cross-correlations betw.en tvo sounds (rig. 6.13) show the. to be in 

pha ••• 

6. :3. 1 • 1 Ga i ns \ 

The gaIns, tne change in sound aMplitude divided by th. 

chenge in Flov squared, vere a flov independent .eesure of the sound 
'\ , 

'. ..plitudes. They vere considered to su •• arize the flow-sound svste. 

when tha linear relation accounted for 10% or more of the variance in 

the data. 

The relative statlc gains batveen the lnsplratory Flow 

squared and the sound amplitudes at the two microphones were calculated 

( BS the ratio of non-dependant to dependant ragions (Table 6.~); 

Because the common affects betveen microphones cancelled each other in 

, )' 
e 

/ 
f 
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Fig. 6.9. Sound amplitude as a functlon of flow squared. One breath 
is-shown. The expiratorv flow squared has been ~ultiplied bV -1. Eaen 
point represents 100 ms. The straight lines on the figur~ vere 
inserted b>y eye. 
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TABLE 6 .... 

RATIOS OF CAINS: , . 
NON-DEPENDENT TD DEPENDENT HICADPHDNES 

INSPIRA TION 

SEATEO 
SUBJECT CASE RATIO 

DECUBITUS 
SUBJECT CASE RATIO 

2 

,3 

6 

1 

1r 

8 

:2 
3 

:2 

0.66 
0.1B 

. 1.31 
3 1.38 

:2 

3 

1 

:2 
" , " 

2 
,3 

, 

0.68 

1.99 • 

2.82 
3.12 

2.82 

2.23 

1.08 

2 

3 

5 

6 
6 

'7 

5 
6 

6 

5 
6 

.o4 t 

5 
6 

.04 

5 

"1 
5 
6, 

.It 
5 

0.58 
0.68 

0.23 

0.41"' 
0.29 

1. 79 
0.76 

0.,415 

0,,16 
0.31 ,~--

~/ 

1.63 
1.62 

8 5 0."10 

~' 
2r 1 ~ 0.96 

5 0.76 
6 0.89 

.04" 

5 
6. 

0.53 
0.16 
0.89 

. Page 160 

Note: The data in tne table are those for vhich the VAF's (Table 1) 
for bath values under co.parison are greater then or equal ta 10%. 

r designatas a repeat measurement 
ri destgnatas a repeat measurement for which the Flov signal vas 

una~ailable. Total Mean ~ound amplitudes vere compared. 
Inspiration and expiration vere lumped together. • 
The goodness-of-fit of the lineer relation5~ips Is unknovn. 

.' 
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the ratios of the gains, the ratios represented the data in a form that 

vas partly subject 'independent. Only those data vere used for vhlch 

the the sound From each microphone could be represented by the gain. 

The values for subjects in the seated position ranged from.~ 

0.66 '( subject 1 1 to 3.t~ (subject 1), vhile those for the lateral 
1 

decubitus,position varied f~om 0.23 (subject 2) to 1.19 (subject 5). 

Although the i intersubject variabl1ity vas large, it vas comparable to 

that reported in the 1 i terature; Ploysongsang et al. (1917> found a 

range from about 0.8 to 2.0 in the ratios of overall sound amplitude at 

the base to that at the apex in seated subjects. Ci ven,(/' the 

intersubject r variability, the r~~io proved to be surprisinglY 

reproducible on repetition of the experiment for one subject (5ubject 

1). In tvo other subjects, the means of repeat measurements of sound 

, (no flov recordedl IoIere compared; the ratios vere vithin 151 of those 

of the gains in three of the five cases (Tablé 6.~1. ev.n though 

expiration and inspiration vere not separated and the linearity of the 

relatlonship between flov squared and sound could nct be checked ln the 

ratio of the means. 

1 

In the"computation of the ratios for seated subJects, because 

th. sounds vere from the right upper lobe (anterior chest) and rignt 

tover lobe (posterlor chest), differences in the thlckneS5 of the chest 

vall at the two sites might have affected the values. In the 

measurements made vhile the subjects vere decubitus, hovever, the 

microphones vere over homologous lung segments where the chest vall 
l 

~/\ \ 

thicknesses should hàve been similar. Kraman and Austrheim (1983) 

reported that the average breath sound aMplitude in standing subJects 

vas nearly bilaterally symmetrical, but Kralllan ( 1983c) round 

.', \ 

,)' 
" 

, \ 
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TABLE 6.5 

ErrECT Dr ASSU"ING DECUBITUS POSITION 

tHANCES IN CAtN: RICHT POSTERIOR "ICROPHONE 
TRACKINC REC;ULAR 

SUBJEÇ'T NO PLUS SUBJECT 
RESISTANCE RESISTANCE 

1 -"" .1 % -22.'" X ~ -3"' • .01 ~ 
2 -"'3.5 X -4.3 X 1. +98.8 % 
3 -38.5 % 8 +11.1 X 

'" 
-6.5 X -21.3 X 

6 ~lo<:'-- -11.6 X 1r +58.1 % ., +18.6 % +1"'.6 X 
+10. "1 % 

1r -- Ona deçubitus trial çompared to 3 seatad measurements. 

\ 
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., 
( 

CHANCES IN RATIO or CAINS: NON-DEPENDENT TO DEPENDENT "ICROPHONE 

TRACKING PLUS \RES.IST ANCE REGULAR 
SUBJECT SUBJECT SUBJECT 

-12.1 % 1 -12.8 X 1 -"'2.2 % 
2 -83.2 X 6 ,,-8"'.'" , X a -85.2 % 
3 -35.3 X 
1 -.-48.1 X 

Note: The data in the table are those for vhich the VAF's (Table 1) 

for aIl values under comparlson are greater than or equal to 10%. 

'\ 
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" # , 
'1 
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signi(i6ant differences in both directiahs betveen the sounds over the 
\ 

lung bases in 1 of 9 subje'cts, and "O'Oonne11 and Kraman Ct 982) reported 

that the sound ~as louder over the left lung. In one seated subject, 

vhen sounds vere record~d from both left and right posterior Positi~ns, 

thé ,gain vith inspiratory flov squared vas 31% higher over the léft 

lung than over the right and the. gain vith explratory flov sqyared vas 

61% lover over the left lung. Since the gain measured vith the lef~ 

posterior microphone varie~ as much between two of the repeated 

measuremehts (Table 6.3), th~ difference vas covered bV the uncertainty 

of the measurement. 'These ratios thus vere considered to be 

representative ~f the ratios of the sound 'rom ~he lungs in the fields 

covered by !>~e ,m i crophones. 

6.3.1.2 Position changes 

The effect of the changes in subJect on gain posi tion 
<J 

betveen. 
"\ 

inspir\atory flov squared and sound amplitude 15 summarized in 

-" Table 6. S, aga!n for those records where the relationship in both 

1 
[ 

\ 
\ 

( 

',positions accounted f~r 10% or more of the va~iance. No pattern vas 

seen for the righ~ posterior microphone whJch remained in place 

throughq~t. the e)(periment. The changes in the ratios of non-depende,nt 

to dependent gains, however, shoved an unequivocal decrease of varying 

magnitude vhen the subJect moved from the seated to the lataral 

decubitus position. Hovever, the comparisons vere of different regions 

of the chest in the tvo posltions and only a fev measurements vere 

sufficiently linear at both pairs of microphones for the comparlsons to' 

be made. 

1 

.1 
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6.3.1.3 External' Resistance 
, , 

• An resistor vas added in an atteMpt to decouple 

, 
the affects 

e)(tarna\ flov 

of t~ tlov per se ~ro~ those of the .uscular activitv 

required to generata i~., If the sounds recorded had baen muscle noise, 

they 'vould have incre~sed vhen the resistive noise vas added. The 

changes in gain caused by the addition of the resistor are given ln 

Table 6.6, again for only those cases ;1n vhich the algebraic 1 

relationship betveen flov and sound-amplitude accounted for 70% or more 
',,* 

'of the variance. For seat~d subjects, the changes in the gain of the 

microphone ov.er the morJ dependent region Cright pôsterior) ran~ed From 

\ , 
-10.6% to +19.6%, while ~hose of the microphone over the less dependent 

; 

zone (right anterior) v~ried From +3.2% to +15.1%. In the lataral 

decubitus position, the changes in the gain over the depandent lung-< 

(Ieft ~ost~ribr) lay between -44.4% and +62.3% while those for the 

non-dependant lung (right posterior) ranged from -23.3% to +21.5%. The 

changes in the ratios of the non-dependent ta dependent ~un~ also 

varied vidfiily,. From -"'7% to +18%. 

6.2.3.'" Pattern of Breathing 

The pattern oF breathing vas changed in each position from 

regular breathing vith constant tid~l volume to the flov tracking 
, 1 

pattern. The changes in gain for the data vith 10% or more of the 

variance explained are given in Table 6.1. The range of values for 

seated subjects was from -60.6% to +9.4% and for decubitus subjects, 

from -45.0% ta +6B.8%. The alteratlons in gain caused by the change ln 

breathing pattern vere" as scattered and unsystematic ln appearance as 

"G 
those 'caused by the addition of the resistance. The non-parametrlc 

'-'" Vald-Volfovitz Run Test CGuttman, lIillo:s and Hunter, 1971) shoved that 
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TABLE 6.6 

ADDED RESISTANCE 

SEATED, R LUNG 
CHANGES IN CAIN CHANCES IN CAIN RATIO , 

SU8JECT POSTERIOR ANTERIOR SUBJECT CHANCE 

1 -10.6 % +5." % 1 ... '8 % 
2 +2.2 % +3.2 % 2 +1 % 
3 -15.6 % .------------
'" 

+19.6 % ------,/ 

6 +15.1 % 

,LEFT LA TERAL DECUBITUS 
. CHANCES IN CAIN CHANCES IN CAIN RATIO 

SU~JECT POSTERIOR R POS ERIOR l SUBJECT CHANCE 

1 -23.3 % % 1 +11 % 

2 % 3 -3'" % 
3 % '" +2 % 

'" -1.0 % % 6 -"'1 % 
5 +21 .5 % +2.3 % 
6 c' -1.0 % +62.3 
1 -19.0 % 

8 -:~_.: -20.8 % 

Note: The data~ in the table are these for "hicn the YAF,'s (Table 
for All values under cempari$on are greater than or equal te 10%. 

TABLE 6." 

ErrECT OF' ,BREATHINC PATTERN 
CHANGES IN GAIN: AEGULAR BREATHINC TO TRACKING 

SEATEO LEFT LATERAL DECUBITUS 
5 POSTERIOR R A,NTERIOR R 5 POSTERIOR R POSTERIOR l 

2 -60.6 % 
'" 

+22.2 % -32.2 % 

'" 
-18.2 %,- S -<lS.O % +29.6 % 

6 -33 .... % 6 "'68.8 % +33.6 % 

1 : -0.9 % +9 .... % 1 -1.'" % -8.0 % 

8 +17 .1 % '-2.'" % 

Note: Tne data in the table are those for "hicn the VAr's <Table 
for both values under co.parison are greater than or equal to 70%. 
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the dif"f"erene:es bet..,een the changes \/ith added resistance and those 

\/ith the variatlon in the pattern of breathlng for each MIcrophone ln 

each position lIere insigniflcant at the 95% co~fidence leveI, and the 

s1gn test sho..,ed no dlfferences ..,ithln elther set. 

6'.3.2 SYSTEM OYNA/'IICS: DIF'F'ERENTIAL EQUATION 

The static analysis quantltated onir that relation betlleen 

/.,' the (lo\t at the lIIouth and the sound occurring silllultaneously. Neither 

the possible delays betlleen events in the lun", and the fla.., at the 

Mouth nor potentlal dyna.ie effects (dlff"erentl),-etion, lIIemory) vere 

included. These \tere studied by Madel 1 lng the /'sQuared flOIl-sound 

aMplitude relationshlp as a 11neer-dynaaie: syste. (F'ig. 6.7). 

6.3.2.1 Impulse ResQonse 
"-... 

The iMpulse response h(t) of a lin.ar systeM \tlth input xCt) 

and output y(tl Is defined by the convolution equetton • .. 

\ 
In Nexus (Hunter and Kearney, 198"11, lt ls c:ale:ulated fro. the auto-

; and cross-correlations of the output and input signaIs. The iMpulse 

t 

1 response function provides a co.plete e:haracterization of a lin9ar 

~ 
f systeM as a runction of ti",e, equival ent to the output of the systelD 

1 

.'ter an input l~puls. functlon. 

The reatures of the IlIIpuls. response Function bet." •• n 

1 
1 
1 'inspiratory flov squared and the a .. plitude shown in F'1g. 6.10 \lere 

! (-, t"ypi'cal. A large spll>:e occurred at the orl9in, sign1fying a statlc 

galn at zero lag . 
" 1:r-----

The oscillations to the right of" the origin lIere tao 

. 
, 
; ..all to be ldentiFled. The l_pulse response accounted for no aore of 

r • 

J 
-.. ~ ...... --_ ....... ~'... .... .. ",... . ~, .. • v,_~~_ 
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Inspiration 

1.5 

1 
1 

/ 
~ 

1.2 

Expiration 
0.6 

G» 
'a .,a 
.- 0 

1 
-0.6 

-1.2 

(1 -1.5 o 
Lag (s) 

tig. 6.10. Semple impulse responses betveen flev 
For inspiration end expiration. Subject 3, 
.. i crophone. 
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case :2. dependent 
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rig. 6.tt. Transfer Funetions. Coherence squared. gain. an~ phase 
are plotted between inspiratorv Flow' squared and sound a~plltude. 
SubJect 3, case 2, dependent microphone. Where the coherence 15 high, 
thera Is a statlc gain and no phase shift. 
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iJ 

-
t.he variance than dld the, statlc Fit. F'or expiration aIso, the 

variance e)(~lained by the impulse respon5e lias only that ac:counted f'or 

by the static fit, Le •• the spilce at the origin. 

6.3.2.2 Transfer F-unct.lons , 

The transfer function::;'for a linear system vith input x(t) 

and output y(t) are ~ssed in the Fourier transfor .. domain as. 

D funct i ons of' 'frequency, l. ' 
1 

" 1 Y ( fI\) 1 
Gain = Phase = 

o IX(,,)I C!HX(IIl) ) 

where 'CIl represents the angle and Sxv, 
~ 

.,' 

1 :2 
ISn (61) 1 

isxx (/il) il Syy(/il) 1 

SXle, and Syy ,re the 

tr.ansforms of the cross correlation and auto correlations pf' th, 

signaIs indicated by the subscripts. The gain is usually expressed in 

decibels, as 20 log(Cain) as deFined above. The coherence squared 15 a 

measure of the fraction oF the output at each Frequency that resu 1 ts 

from the 1 inear system acting on the input. It i s analogous to the: 

?quare of the correlation,coefficient in linear 

The same information for i nspira.tion 

frequency 'domain in Fig. 6.11 as ",as gi ven in the 

rig 6.10. The value of coherence squared betveen 
\ 

in the 

domain" in 

Fioll 

squared and the sound ampI~tude envelope lias htgh for frequencies From 
,;3 

0-3 Hz, after IIhi,?h it dropped sharply. For that range of freQuenc i es 1 

, 
l 

there vas an al most flat gain and no phase shift. The drop in 

~ coHerence at 3 Hz occurred' because the input had no pOiler at hi gher 

{ " 
~~ (Fi g. 6. 12) • Where the sound amp 1 1 tude was the output of a 

linl~r systen. / . acting on the squared fl~v, the system sholled no 

fr.qUen~endence. 
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Both dyn8,lll1 c representati ons shoved tnat the best linear 

svstem ta model the relatlonshlp betlteen inspiratory flov squared and 

the sound amplit.ude vas the st.atic algebraie function. The variance 

account.ed for by the dynamic '1mpu~se respon ••• ..,era· in no case more 

t.~an .-ten percent. gr,eater than that Frolll the staties alona. Tn ..... 

vas true for expiration. / 

6.3.3 CROSS CORRELATIONS 

The cross correlation ClIy (d) bet".en tvo signals )«t) and 

V &,} i s defïned by the equat 1 on 

(Stric:tly spaakino. thls ls tne crOSS covariance Function if the v.lues 

of the aaans .' 1 are not zero.) This func:tion is oFten normal izad by the 

square root of the product of the mean square values of the slgnals. 

It indicates the deoratt. of sillilarity betlteen tltO signaIs as a func:tion 

of the 1210 ti.e, d, betlteen the •• If yeti is related to x(tl and has 

been phase shifted relative to it. then e xy .. ill have a maxi.uIII value 

(of' one, if' the function has been normal iZéd) at the lag the 

correspondirg ta the delay. 
' ___ -f 

A sa.ple plot of the cross-c:orrelation betvean the sound 

envelopes at th! tltO microphones ls shovn in Fig. 6.13. 1 n both seated 

and dacubJtus positions, the sounds at tha tl/a microphones vere ln 

phase for all but two records, ",hare the dependant lung lad bV 0.1 s. 

f(raman (, 98 .. ) Found that the sounds From tvo microphones on the chast. 

of standing sUbJacts occl.lrred s1multanaouslv, but large phase 

diUerances batveen the breath sounds at two d1ff'erent microphones have 

be.n reportad by Drunalslci et al. (19801 in n,ormal subJacts and, 

, 

'~ 

j 

, ~ 
1 

;. 



() 

( 

c 
0 -.... 
«1 -G) .. .. 
0 

(.) 

\ 
\ 

\ 
.:.' 

• 

C 
0 •• 

<1 .... 
«1 -G) .. .. 
0 
(.) 

0.5 

0.4 

0.3 

0.2J 

0.1 

0 
'" 0 

0.5 

0.4'1 , 
'. 1 

0.3l 
! 

0.2 

0.1 

0 

0 

0.5 
Lag (s) 

0.5 
Lag (s) 

, 

a 

1.0~ 

b 
t6I 

Page 112 

5 
\ 
\ 
,! 

Fig; 6.13. Cross correlations betveen the sound' envalopes frQIII the 
t.IIIO • microphones. a) The dependent microphone signal allowed to lag. 
b) The non-depandent lIIicrophone signal al10llled .to 1aO. The Maxll11ulII 
correiation occurs at zero lag in both CilSeS r indlcating that the 
III i crophones are in phase. 
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hysteresis affects cause loops ta form when the sound amplitude from 
one .1crophone 1'5 plotted against the other. One breath, !5ubJect 3, 
ca.e 1. 
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lIoderate angles by Ploysonsang et al. (1979) and Ploysongsang (1983) in 

nor_al subjacts and smokers. Theil'" .eallure.ent techniques may,be the 

causa. Oruzgelski et al (1980) publ1shed onlv the oscilloscope 

tracings in vhich the signaIs f'rOIl the microphones shoved bursts et 

1., 
di"arant tlllas. Thera ",as nO .. antion of high-pasll f'iltering to raduce 

lIuscla nolse, and some of the bursts lIIay have, ba.n exactlv that. 

Ploysongsang et al. (1979) and Ploysongsang (1983) •• asured di f'f.rances 

ln phasa between the mlcrophon'l! signaIs bV displaying one sound as a 

f'unctlon of' the other on tha oscliloscope and lIIe.sfl ng the resul tant 

loop. This technique may have given them erroneous results because of" 

the hystar.sis in the sound signaIs (Fïg. 6 .. 9); 
\ 

the data vhich ar~ 

shawn in thls vay ln f"ig. 6.14 are in phase although the plot of' the 

sound anvelopes against each other forms a loop. A calculation of' 
\ -. 

lao lIIade by assuming the signaIs ta be 5inusoidal Functions or tillla and 

.. easuring the L1ssajous figure oould yi·eld a spuf-ious phue di fferance. 

6.3.~ SPECTRAL ANALYSIS 

'r> 
" 

The paver spect.rull of a Signal 15 it5 palle,. as _ functlon of 

'raquency, the a,yarage magnitude squared of tne ~ourler transforll. It 

15 the fraquencv dOllllin representation of Il stochast._l c: proc:a.5. 

6.3.4.1 Band~1dth 

Pover spectri!l of the r;-av sound signaIs vere analysed for 

changes in pover and bandvidth vith flov. During both inspiration and 
~ 

exp 1 r,.atton , signif'icant paver vas present From 0, ta about 350 Hz, 

although the magnitudes lIere higher during inspiration. The maximum 

pover occurred betveen 120 and 24\0 Hz, in good agreement vi th th& range 

of 116 to 225 Hz r.ported .bV Shreiber et al. (1981). Oespi te the 

" 
1 
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moderate angles bV Ploysonsang et al. (1919) and Ploysongsang (1983) in 

narlllai subjects and smolc:ers. Their lIIeasurelllent techn,iques .av be the 

cause. Druzgalsld et al (1980> publishe~ only the oscillascop~ 

tracings in which the sIgnaIs From the microphones showed bursts at 

\different times. There vas 'no mention of hlgh-pass fil,terlng to reduce 

musel e noi se, and' s,(){!Ie of th'l bursts may have been exact l y that. 
'"'-v 

Ploysongsang et al. (19191 and Ploysongsang (1963) measured differe~ces 

in 'phase between the microphone signaIs by displaying one sound as a 

function of the other on the osc,iIloscope and measuring the resultant. 

loop. This technique may have given them erroneous results becau~e of 

0, 

the! hvsteresis in the sound signaIs (Fig. 6.91; the data which are 

shovn in this way,in Fig. 6.14 are in phase aithough the plot. of the 

• J 

sound envelopes against each otherCbtorms a Ibop. A calculation of the 

lag made by' assuming the signaIs to be sinusoidal functions of time and 

~meaSUring the Lissajous figure could yield a spurious phase difference. 

6.3.4 SPECTRAL ANALYSIS 

The pover spectrum of a sI gnal i s i ts pover as a funeti on of 

frequency. the average magn i tude squared of the Fourier transform. It 

is the frequency doma i n representati on of a stoc:.hastic process. 

6.3.4.1 Bandwith 

Power SPectra of the rav sound signaIs vere analvsed for 

changes in power and bandvidth with flow. During both inspiration and 

expiration, significant pover vas present from 0 to about 350 Hz, 

although the magnitudes ",ere highe~ during inspiration. The maximum 

pover occurred betveen 120 and 240 Hz. i l'l good agreell1!!nt vi th the range 

of 116 to 225 Hz reported bV Shrei ber et il,l. (, 981 ). Oespl te the 
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Fïg. 6.)1~' Power spectra at ~onstant qow. Power in arbitrary units •. 
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.~ 

analog ,!igh-~ass fi'ltering at the time of the data acquisition. a 

non-negligible amount, of power vas present at frequeneies below 100 Hz, 

meaning that the total power in th.!~o.w frequency bands, whether signal 

or noise, .. was lIIuch !:ligher th an the signal pover aboye 100 Hz. 

Some examples of power spectra at different constant flows 

are shown in Fig. 6.15. The total power increased with Flow. For 

simi lar magnitudes of tIo'w, the total sound power during expiration vas 

considerably less than that during inspiration. 

6.3.4.2 Total Pover as a Function of Flow 

The static r~lationship between the smoothed rectified sound 
~. 

and flow squared Is equivâient to one between sound power and flov 

raised to the fourth exponent. To check the value of the exponent over 

reg ions of constant flow, ,the equ~tion was linearized using" a 

logarithmic transformation. The sound power, obtai ned for the same 

regVions of' constant flow of the tracking experiments (cases 2, 3, 5, . 
and 6) that wer'e used to calculate ~he f"requency spectra, vas computed 

as the variance of the ~aw sound signaIs. The slopes of the log-log 

relationship l;Ietveen sound pover and mean flow, corresponding ta the 

exponents of the flow, vere obtained by' linear regression (Table 6.8). 
f , 
The standard deviation of the slopes vere calculated as if the 

distribution of the errors in measurement were normal •. Although after 

th(;- 1 ogar i thm i c transformation, the distribution would have been 

slcewed, the normal approximation remains a fair indication. \/i th only 

5 to 1 constant Flows, more involved analysis was not expected ta yield 

more prec i se resu 1 ts. 

---.---------~ .. _----_ ...... _-- l 
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TABLE 6.1 
LDG,-LOC: PLDTS or paVER vs INSPIRATORY FLOW: 

~ 
SLOPES 

HICROPHONE: 

'v~" "....; Case: 2 3 5 6 

slope SO slope 50 sloRe 50 Slope 50' 

SubJect •• 1 3.31 0."19 4.5'3 0.91 6.1" 0.52 •• 2 3.98 1.79 6.01 0.53 3.15 1. 13 5.08 0.9l •• 3 4.25 0.15 2.12 0."2 3.41 0.6" 5.99 0.5 
4 3."3 0.65 3.92 1. 50 3.91 0.50 3.15 )~68 
5 ---- 4. 1 ~. 0.61 ---- ---•• •• 6 "I.1A1 0.72 1.62 0.51 4.93 0.29 6.35 0.22 
1 3.77 r}.;.81 4.63 0.38 3.57 0.11 

rc,' -' 6:38 •• B .... 60-;7~.58 2.15 1.13 3.31- -0.63 0.66 

0 HICROPHONE 2 
~: Case: 2 3 5 6 

slope SO slope SO slope SO Slope SO 
Subject •• 1 3.88 0.25 5.75 0.12 5.21 0.30 

2 2.15 0.15 3.22 O."''' "'.17 0.53 3.74 1 • 1 1 
3 "'.65 0.51 4.64 2.31 3.16 0.46 4.25 0.45 • ... 2.9" 0.52 3.30 0.3'" 3.36 0.22 
5 4.50 2.33 4.29 •• 0.8"'1 4.54 0.39"" "1.98 1. 21 
6 3-;12 0.19 3:41 0.36 4..18 0.-4"" 6.06 1. 72 
1 3.08 1.28 5.03 1.21 
B -4.08 0.53 4.37 0.87 3.98 0.37 

• 
•• = different Fro. "1 at the 95% confidence level . 

= different From" at the 99.75% confidence level. 
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\ 
Tne exponents of the con"stant inspiratory flo",s (si opes of" 

the logarithmic-logarithmic relationship) did not diff"er signif"icantly 

~roM ~ in most experiments. Of those that deviated, the majori ty vere 

larger than ~, and more occllrred vhen the added resistance vas in 

place. 

-Host relations bet",een the logarithm of" the measured pover 

and the logarithm of the constant ·Oov lIere 11near f"or inspiratory 

f"low. In sorne cases IIhere very lov constant flolls were present, a c 
threshhold ef"f"ect vas seen, lIith the relationship holding only above 

some "10'" flov, t,he value of vnich could not be determined lIith sa f"ev 

points of const-ant floll. The tracking experiments "ere designed te 

avoid lov flo,", rates IInere little sound ,",ould be generated, but the 

threshhold flow appears ta be higher for sorne subjects th an for others. 

Generally, however, a single pOiler of the floll rate could be used to 

model the sound generation during inspiration. " higher order , 

polynomial lias not required • 

Ouring expiration, the relation betlleen floll and sound pover 

"as more complicated. Althougn the logarithmic relatienship appeared 

to be 1 i near 1,n most cases. many showed great scat ter . However, the 

exponents were not significantly dif"ferent from four:in the majority of" 

the Measurements. 

6.3.4.3 Power at a Fre4vency as a Function of Flow 

l 

As sorne degree of shi ftin" of the spectral peaks vas 

suspected, the changes of the paver' of the '60 Hz bands vas studied as 

, 
the flov rate increbsed. rrequencies from a Hz to 360 Hz vere 

cOf\sidered ,for inspiratory sounds and fro .. 0 to 300 Hz for eMpiratory 
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sound. to coyer the bands containing signifieant power. ror ~ 

( the exponents dl d not differ slgnlflcantly vith i nspi rat ory flows 

,-

frequency, indicating tha't the fourth power of flow could be used to 

'. 
lIodel eaeh frequency band also, but statistical uncertainty of the 

values precluded any t'ïrlll conclusions about shifts ln frequency. The 

tntercepts in the logarith .. ic relations, the gains of pOiler with flov, 

had the i r IIax i ma in th~ 120 to 240 H;Z bands. 

\ 

6.4 DISCUSSION 

6.4.1 STATIeS: THE ALCEBRA~C RÉ:LATION 

6.4.1.1 toodness of Fit. 

Inspiration 

/' 

( 
The stat.1c: relationshlp during" inspiration showed a high 

correlation betwun f"low squared and the· allplitude of the sound 

pressure. Thot this lias the but pOlo/er la" relat.ionsnip lias confir •• d 

by the e)(ponent of 4 found in the constant flow-power relationship. 

The quadratic relationship of sound lIlIlRlitude t.o Flow has not been .. 
r.ported previously. ln fact, other f'unetlons have 6een assu.ed. 

Leblanc et al. 1\910" plotted the!r data as III linear function of the 
,. 

flov. The points' were pic:ked off' a èFiart recorder tracing and the fit 

appears to have been done by eye; no regresslon coefficient lias 

reported. A quadratie curye also could be flt by eve to the published 

plots "ithout enal\ging the apparent goodness of' fit. Banaszalc et 

al. (1913> . reported that the sound a.plitude incraased vith the flo". 

They .easured at only three floll rates and t!'teref'ore could not sholl the 

( relationship. Wooten et al. (1918> published a senematie plot of sound 

a.pl1tude as a curvl11near f'unction of flo'" vlthout ineluding actual 
.--) ---points. They called the relatlonshlp exponentiol but did not sholl it 

- ) ',-- 1 , /;--
y ( 

r'" 
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to be. 00san1 and Kralnan ( 1 983) and Kranutn and ( 1983) 

tll'la.t the sound was a 11 near functi on of the flow aboye 

1.3 L s-J vhen thay dlvlde~ the sound intenslty by the f"lov to generate 

Il flow-independent index, although Dosani and Kraman (1983) stated that. 

belov 1.3 l - 1 
5 the relatlanshlp vas not a1"ays 11near. 

" 

Vary recently, Kraman' (1984) presentad data in an attempt to 

•• tabl i sil that thore \tas a I1nger relati on. Sounds rec:orded frolll four 

sl.IbJec:ts breathlng near FRC "",ere treat9d. The peak airf"lov 
(' 

of e.ch 

breath, maintained for a brief perlod only, V8S compaired vith either 

~ 

the average 0l" ,the peak sound ampl i tude for that breath. 
} 

Sound 

IIl\plitudes also vere dlvidod by the simultaneous flov before baing 

Il,,eraged oyer a broatn. Regression Unes betveen nOliS graater tnan 

1." L s-1 and the treatad sound'amplitudes accounted For 62% ta 11% of' 

the variance of the- maximum sOldnd ampl i tudes and sl! ght l Y lIIor~ for the 

IIsan values • Hovevar, a slop .. signlficantly di(f"erent trolll zero vas 

• sen in threa of the four c:aSas betveefl the sound amplItude divided bV 

flov and flov. 

The l1near relation found by ICraman (1984) mav be retated to 

hi. techn! que. The usa of the lIaan ampli tude of ~he sound in 

conjunct1on with the Instsntaneous, maximum of the flolt during the cycle 
.' 

vas not Just! fi ed by thé slil.thor. The c:o,nnecti on bet",een the 

aathematlca1 fit of one on the other and the physlcal ganeratlon of the 

sounds 15 not cieer. In the measuremant of the peale sound amplltude 

fro. the oscilloscope tracing litth c:alipers, a slgnlf1c:ant error vould 

, 
be Inevitable. and the sing~e point estimate also lIould have a high" 

" 

statistical uncertainty. Although the 11near regresslons may have ,> 

~~. 
rovided as good a fit as d1d a higher arder:" polynomial, the scatter Ù' 

shown on the pub 1 i sned p 10t.:!! vou 1 d nllske' conc 1 us ive !5tat8ftl~nts 

r 

----...... _---_ ... - '" 
", r, 

" ,'J 
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• difficult ta make. F"ur,thermore, the author mentianed that sounds 

generated for flo1115 belolll 1."1 L 5-
1 vere close ta the noise level, 

suggesting tha,t the microphone coupllng vas problematic, since even in 

a noisy environment the lung sounds vere distinct for Flovs below 

L ~-1 in the experiments reported here. 
'1 

The curvilinearity may have 

been obscured by restr i ct l ng the measurement to the hi gher 1" 1 ov rang~. 

In the experiments reported l'lere, the inspiratory flow 

squared vas very highly carrelated lIIith the simultaneously occurrlng 

sound amp 1 i tude for most cases (Table 6 .~l. In aIl cases, over 1000 , 
1 

p~lnts oF simultaneous flov and sound liere cOII/pared. The best-fï t 

expo'n~nt For the relation between flov and sound ampl i tude, the square 

root of sound power, vas tvo. Secause the sound amp 1 i tude i 5 a lIIeasure 

- " i"'" 
o,f energy, the relationship may be presumed to be betveen kinetic 

energy and sound. 

Expiration 

A Idnetic energy relationShlp, if thls 15 vhat it 15, ShOUI~ 
hold for aIl fïovs in both directions. A few of the inspiratory and 

--JI 
most of the explratory sound envelopes vere not lineer functions of the 

Flov squared. Hovever, kt"netic energy 15 a function of veloclty 

squared, not of floy rate squared. If the total cross-sectional area 

at the 1evel of sound generati on remainetl constant throughout a 

braath, the tyO vou,\d diffar by only a scaling factor, but if the sound 

vas generatag in lung generations yhere substantial area changes 

occurred, if airvays opened or closed, or if the sites of sound 

production moved up- or dovn5tream, mouth f10v and local lIeloclty might 

(. not be proportional. Furthermore, if the distribution of the total 

rloy among regions changed during a breath, the relationship betveen 

'. 
. ______ ..1 



Page 183 

the, total'flow and the local~ flow would itself vary with Ume. As in 

the lateral decubitus position the expiratory flow from the individual 

iungs has been shawn ta occur sequ~ntially, the dependent lung e~ptying 

" first (Chapter 5; Frazier et' al., 1976), the absence of a 1 i near 

• relationshlp beween explratory flow 5quared and sound in the decubi tus 

subjects (Cases 4, s, and 6~might have been related to flow 

redistrllbution. 

6.~.1.2 6tatlc,parameters 
. ' 

The statiQ gains, the increase in sound amplitude with Flow 

squared, could \not be compared among subJects ,CTabl e 3). 
, 

Differences 

1 
~ 

in body ~type (Table 1) must influence the transmission propertles of 

the chest wall. Even çonsecutive trials of the same manoeuvre on the 

same sUbject ln gain, probably the resul t of 
-, 

dl fferences in hone coup li ng "< Tab 1 e 3, Subject 7r).· Dosan i and 

Kraman Cl983) reported reproduci ble di fferences from pOlnts onl y a few 

cen t i meters-- apart on the same subJect. Kraman and Austrheim (1983) 

showed that even the t.ransmission ~f sound appl i:ed at the mouth varied 

from pOint to point and among subjects. Hie ga i n represents 0 the 
J • 

, 
strengths of the sound generators weighted accordlng td' thel r location 

relative to the measurement site, the transmission IProperties of the 

intermediate tissue, the number of generation sites, and the attachment 

and sensitivity of the microphone. Although the ~mplltudes of llhe 

sounds from the indivldual sites should be functions of the local cross 

sect i ons and of. the reg i ona 1 flow, the sltes,ma'1( be in the central 

alrways and thus be the same for both 0 microphones. The number of 

unknowns destr'ô'/s the value of t.he gaIn as an absolute measure. 

') 
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Offsetl 
, . 

A-; 
Th"à -offsets in the 1 t'near rel ationship predi cted • 

the values 

of the sound amp 11 tu de at zero fI av. As such they ~ere a measure of 

the background noise. Large offsets suggest poor coupl1ng ",ith its 

re'sultant pickup of the room noise, particularly ",hen they occurred 

vhere la", percent'ages of the variance vere accounted for by the ... ,lineer 

fl t •. 

6 ..... 1 ,3 Ratios oF the Cains 

" 
The' ratios of two simultaneous gains from the same subJect 

Invo 1 ved fever var i ables thon do the ga i n,s ·themse 1 ves. The Çla 1 ns vere 

flo", rate independent and their ratios partiall V subJect independent.. 

Differences in microphone coupling and ln local chest vall thickness 

( , rema i ned, but common transm i 55 i on effects vere Il ke 1 y to be rel1loved in 
/ 

the ratios. The. resultant values ",ere ,similar to th'e breath sound 

index of Ploysongsang et al. (1911, 1918), vi th one lmportant 

difference. BV performing the regresslon on flow squared before making 

the comparison, information on the validity of t.he l1near model for 

eeeh set of data vas obtained. Furthermore. Inspiration and expiration 

vere treeted separately becau5e the functional relattonship vith sound 

15 different ln eaeh case. 

6 ..... 1.4 EFFects or 5ubJect Position 

In the lateral ~ecubltus position, the hydrostatic gradient 

in the abdomen kas a strong effect on the volume of the dependant lung 

and on lts ventilation. The gradient in static pleural pressure 

( greater tnan that between apex and base in the uprlght posture (Kaneko 

et aL, 1966; Millc-Emill et aL, 1966>, causes the hon-dependant lung 
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1 ! 
to be more ful,ly inflated than the dependent lung. Further,fIlore. during 

, 1 

the diaphragmatic contractIon of ,Inspiration, the dependent lung IS 

partlally isolated From the pressure gradient and expands, but durlng , 
f C) 

expiration vhen ~he diaphragm relaxes, the abdominal contents press in 

the cephalad direction and the mediastinum presses dovn, causing 

consIderable deflation of the depende~t lung (Roussos et al., 1916) • 

The emptying that results is asynchronous, with the dependent lung 
" 

leading (Frazler et al, 1916). 

Mpvlng to 
( 

the 1 aterai decubltus positIon aiso caused a 

decreasetln' the ratio of the sound ampl i tude of the' non-'dependent to 

the dependent lung (Table 6.5), in most cases because of OppOSIte 

changes' ln the two reglons. 
l' 

Thus, quailtatlvely, the lung sounds 

~ppeared to indicate the distribution of ventilation (LeBlanc et al., 

1910; Ploysongsang et al.. 1911. 1 91B) . However, the present data do 

not support the hypothesis fully. The decrease in the ratios of the 

gaIns f'or those cases loihere the 1 inear fi t lias good f'or both 

m~crophones ln both posItions ranged from 12% to B5%. 
~ 

A.s an increa,se 

of 85% in the tidal volume dIstribution vould be predicted (Chapter 3) 

to require an increase of sli~htlv more than that in the ratio of 
., 

pleura 1 pressur'e "'sv i ngs, such a change seems un 1 i /ce 1 y. More probabl V, 

both the ratios of the sounds and the ratios of regional ventilation 

depended on related factors of' flov rate but not on each other. 

Changes ln the acoustic transmission properties caused by the regional 

inflation we~e possible, for example. 
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, 
6.4.1.5 EFfects of Added Resistance 

Dynamic pressure-flow curves for a normal lung (~yatt et al., 
~ 

1970) show that the the pressures generated during breathing at a given 

Fioli rate - incr'èaSe çonslderably 
',. 

resistive load. The acti vi ty of 

in the presence 
-~ 

the. r~spirBtor.y 

of an ext~rnal 

mu~es that ls' 

necessary to ~enerate the flow 'increases considerably. However, these 

changes caused no conslstent alteration of the lung sounds. As the 

resistance forced at least sorne subJects to .maximal respi ratory 

eFForts, eVldent From their subjective imp~J.ons, from the lift If 

their shoulders and upper chests during lnspi~atlon, and from their 

inabillty to· sustaln the maXlmum 
f' 

flow rates, aIl the lnsplratory 

muscles were in use. If the sounds had been c~Jsed by muscle activlty 
1."\ 

wou 1 d jve "' ncr~ased dra'at i ca 11 V or by microphone movement, they 

during these manoeuvres. 

1 

Wlth the resistance in place, greater pleural pressure swings 

lIere needed to generate the flolls. IF th,e changes ln the amplitude of 

the pleural pr.essure swings vere unlform over the lung, the 

distrlb~tion -of ventilation may have remalned unchanged. If. however, 

th~gr.eater use of intercostal and accessory muscles that was evident 

incre~ 

zone(. the 

the relative pressure swing ov~r the non-dep~ndent lung 
1 • 

distribution would have become more uniform, particularly in 

·the 'iaterai decubitus position (Chevrolet et al., f919). If this was 

~he case, the sound distribution did not refiect it. 

--~- '--'----

'J 



-
Page '161 

6.4.1.6 Hvsteresis 

Sound generat 1 on 1 n the 1 ungs en ta ils the di ss i pat i o'J of 

energy. Recruitment and expansion of small air~ays during Inspiration 

al 50 ~ i Il absorb eoergy to overcome the surf ace tens i on of the fI u i d 

sealing them and in the elastic distention of the tIssue. Th'i1 

hystereSls may have shown the absorption of a fraction of the available 

"-ten@rgy by the expandlng the lung tissues durlng the sorne portions of 

inspiration. Once lIIore alryays lI/ere open less worlc: would be done on 

the tissues, and the sound amplitude could be greater for the same 

flow. 

The elastic distenSion of the lung tissues has itself b@en 

5uggested as a Possib~le source of 

~m@ of the hyste~esis loops does 

the sound. However, the direction of 

not support 
, 

the hypothesis. The 

distension l~ greater and there 15 more tissue rubbing at the start of 

insplratioon than there 1s latef when the lung 15 more fully inflated, 

yet many< of 
~ 

the loops demonstrated low9r sound during early 

!lnspirat 1 on. 

local changes Hl lung volume "lt~héT,. resultant alterations 

,/ 

in the sound transmission properties .igh~ccur in a non-consistant 

pattern. Regional affects of air and blood volume could explain the 

\ 
pattern sean, but this cannat be determined rrom the data. 

6.4.2 OYNAHICS 

Because nat.urally driven respirat.'ory flow changes relatively 

51 ow ly, it 15 not surprising that the dynamic relat10nShip between the 

flow squared and smoothed rectlfied sound could not be characterized. 

The maximum frequency at which the human respiratory system can be 

----- --1 
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driven 15 about 7 Hz, and at that frequency the tidal volume approaches 

zero, before the resp i ratory musc 1 es reach the I1mits of their 

contraction and relaxation time.s (Agostoni, 1970). t1ethods to generate 

higher fr~quencies would change the pattern of airflow and probably of 

sound generation. One could drIve the system with a hlgh frequency 

positIve pressure ventilator or vIth hlgh frequency chest IIall 

compression, but by definition one vould not pe investigating normal 

breath sounds. One also could measure the re~ponse to a st~p c~ange in 

,flow by 6sking à subject to generate hlgh pressures agalnst an occluded 
......... <i1 

mouthplece and openlr:'9 'it suddenly. The airflow transient would be 

1 

difficult to analyse and mlght not move enough air to generate sounds. 

Also, the elastlc recoil of the chest mlght damp out the desired high 

,fr~quenc i es. 

The non-llnear behaviour of the lung sound generating system 

further complicates the measurement of "system dynamics. Even v i th 

sufficient high frequencies "in the input, the hysteresis loops and 

other nonlineantles vould cause dlfflculties .• Although It is possible 

ta ;calculate higher order dynamlc 

Identification, it requires careful 

(Marmarelis and Marmarelis, 1918), an 

breathing. As even the first order 

terms when dOlng 

• 

systems 
1 

the input sIgnal 

for vo!untary 

a non-l i near system car:! be 

distorted unless the input 15 properly constrained <Marmarel is and 

Marmare Il S. 197B> , and since the true Input to the Many po'ssible 

sUbsystems generating the sound is unmeasurable and almost certainly 

not simply a constant fractIon of the Flow at the ~outh, the systems 

Identification problem seems insurmountable 101 1 th non i nvas i ve 

techn i ques. ' 

f 
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6.4.3 THE GENERATION OF B~~ATH 50UNDS 

l' 1 
10 

., 
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Sounds over the normal lung may be thought to result From 

phenomena- related ta alrflow, From ~ibrations caused by the expa,nding 

tissue, or From \nonpulmonary sources lilce muscle sound and skin 

movelTfen!;- • Musc l e 1 s an un 1 i ke 1 y source of the sounds reported here, 

because- the Increased muscl~ activity eause:d by breathing against a 

resistance did nat affect the saunds. The floll ;:;quared dependence and 
\\ 

the hysteresls • also wolJld be difFicult to expialn 1 f microphone 

movemenL and muscular activlty vere the sound generators. Tlssue 

expansion and rwb lias diseounted as the source of breath sounds ,by the 

experlments of Bullar (1884) who showed that an excised lun~-n' a 

sealed box produced breath sounds IIhen expansion \0135 caused by 

decreaSl ng the surrounding pressure \/1 th the trachea open to the 

atmosphere but that i t lias si lent when the traehea was occluded and the 

(ung expanded without airflow. Furthèrmore, the Flow squared 

relationshlp would be difficult to ~plaln by , tissue distension. 

Alrflow phenomena are the most prohable source of breath sounds. 

Il pos~lble mechanism for • the generation of sounds ln a 

brjc.h i rl"g netlolork li ke the lungs 

~eed il, an 

15 that \/hich causes sound at 10101 

air duet with a splitter in t'he floll (Nelson and Morf'ey, 
- , 

1981) • The theory, vhich ..,as developed for rigid spoller5 in stralght 

ducts and shawn by the authors to extend ta splitters 'in exit 
(> 

fi OItS , 

may be expected ta be ·a flrst approximation to the situatlon of ela5tic 

stru'ctures \/ith curved valls. The Tluctuation,s in pressure caused by 

the .separation of flo\/ ,on the sides of the spolIer 'generate the sound. 

This fluctuating pressure is prop'ortiona.l to the steady Torce on the 

obstacle. For sound of wavelength greater than the cro5s-sectlonal 

dimensions .. of the duct, the sound power' 1s proportional to the fourth 

j 

1. 
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power cf the average velocity in the·const~iction: 

/ Sound Power'" 'K 2 (St) lo2(I-02)2C02U " 
c 

'where K2 (Stl decrease.s with number, Fd/U • U i 5 the 
- c c 

~ 

average velocity ,in the constricted duct" 0 is the ratio fi/A, where A 
c 

q -
i s the cross-sect t'ona 1 area oF the duct beFore 'the constr i cti on, A 

c 
is 

the cross-sectional area of the constricted region, and Co is the drag 

coefficient of the splItter. In the 1ung, thls would imply that the 

sounds durlng Inspiration were produc::ed at the bifurcations in the 

tracheobronchial tree and had power proportlonal ta the drag 

coefficient, squared, the veloclty downstream of the bIfurcation to the 

fourth power, and a functlon of the areas 1 n the parent and daugKter 

tubes. Host sound 
, t 

would be generated at the locations of the larger 

pressure drops. The 1 u,ng sound measurements reported here are in 

agreement \1 i th the fourth power dependence on the FI 011; the 0 other 

quantlties lIere not determined. 

The site of production 
, 

breath may in sound~' of the 

penpheral alrways or in the~ first few generations 'of the 

tracheo-bronchiai tree. ~hile efforts ta find correlations betl/pen 

lung sounds and ventilation --(Leblanc et al., 1,970 ; 

Ploysongsang et al., 1911, 1978, 1982), assumed the former and 

subtraction pneumonography (Kraman, 1980) vas used to t:ry .to pro'\!e <it, 

many authors have malntained ~he latter. Hannon and g~an'" 1.
(1929> and 

Gavriely et al. (1981) suggested that tracheal nOIse vas transmitted 

throughout the chest. Banaszak et al (1913) postu 1 àted t.hat the sounds 

. 
came From the Il i'CI n l ty of the car i nas of the 1 arger bronch i . Th 1S i 5 

consistent with the theory oF sound generat"on presented abOlie. 
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6.4.4 PHASE REL~TION5HIP 

Model r;>redictions indicated that a phase diff"erence in floll 
, ' 

mi ght occur IIhen the pleural pressure slIings on t'olo compartments 'olere , 

out of phase ~ith each other or lIere very dl f[erent in magn i tude 

, 
(Chapter 3),. Measur';ments made with krypton-SIm f'or regu,lar breathing 

in the laterai decubitus posit1on showed a considerable phase' fI ag 
~,' 1 

most c.;:ases (Chapter 5>. Frazier et al ~1976) demo~strFd sequential, 

emptying of the lungs in the lateral decubitus PO~ltions:~onethqele,SS' 

the lung sounds over the dependen;t and non-dependent zo~ ..,ere ln 

phase ln aIl but tllO cases IIhere they lIere only 10 0 different, ev en in 

the laterai decubitus measurements. 

Lung sound pressure .' 
is probably a f'unction of the velocity at 

the sites of generatlon, as is di scussed above. The "elod ty i s a 

function of both the floll °rate and the cross-sectlon of the airllays. 

The sounds, IIhich are ln phase, are thus functions of' the floll, ~ 

variable 'olhleh may have a definlte Iag betlleen the lungs ..,hen subjects 

are in the laterai decubitus position, and the area. Either the sound 
" , 

is generated centrally and transmitted lIith diFférentiaI attenuation to 

the measurement locations, or the local cross-sectional areas must , ... 
compensate for the Iag in the'volumetric. flows. In the lat ter case, 

t..,o possible mechanisms suggest themselves. Either the number of o~en 

airllays of the caliber for sound generation varies vith flo,'" to 

stabilize the local velocities or; the size of' the airllays in IIhich the 

sounds are geflerated changes te keep the / va loci ties constant at the 

3 sites of" generat 1 on . In the first case, lncreases ln local floll would 

. 
be matched by increases in the number 

therefore in the total sound ampl itude. 

of areas producing sound and 

Tbe total cross-sectional area , 
"vould increé!se as the 2/3 pOiler of the total rIow, adding a dependencè 

, , 
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on Flow to the 4/3 power to the gain term in the relationship between' 

f lOI{ at the mouth and souod. 
~ -

Th'i,s might be part of, the reason for the 

fatrure pf the:, tinear relatiQnship between Flow squared and sound 

amplitude during expiration. 1 In the second instance, the ga in wou 1 d 

\ 
not, change with Increasing local Flow rate but the ratIo of velocity to 

diameter wou.ld decrease. The first possibility requires that the 

critical' pressure ta open the ai rways that generate the sound be Just 

.., A 
in excess oF the product of their resistance multiplied by the flow 

J , 
rate of sound genEtration. The second requ i re's that the sound be 

generated onrly when the Idnetic energy reaches à criticai level and 

that the mechanlsm of ItS 'Production dissipate enaugh energy that the 
1 

cntical vë;llue not be att'ained downstream. 
~ 0 

The data al/allable" cannat 

be used to prove or dispr()ve either hypothesis. 

The simplest, and therefore most likely explanatlon For' the 

sounds ta be in p,hase 1s that th,ey are generated in the central airways 

where most of th,e pressure drop occurs. The di Fferences between the 

microphones wouid then be the result of differences ln the transmission 

properties oF the lungs. The changes vI,th subject pasi tion cou Id , be 

explained,; by the i ncreased dens i ty of "the dependent l ung in the 1 eFt 

lateral decubitus position relative ta the seated posture. The 

addi t i on of the res i stahce would nct change the transm 1 sS~9n 01" sound. 

Intersubject di fferences could he very "large, depe,.!.ding on body 

composition. The hyster~is could be caused by ttyte ti me-vary i ng 

regional di~tributiQn of the air causwg regional dl fferences in the 

acoustical properties. 
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6.4.5 SPECTRA 

The f"requencies of the measured 1 ung sounds were the same 

throughout a breath, but there vere cons i derabl e dlffere,nces in pover 

during inspiration and e)(piration and at different flows. When the 
fi 

differen{, frequency bands were considered separately for the variation 

of sound pover \1 i th the fI 0\1 , ev en those be 10\1' 100 Hz sho\led -.. an 

1 ncrease v i th flov rate. Because Rlce (1983) stated that the Iung 

1 

parenchyma did not pass frequencies beIow, 100 Hz, and becalcJse the-

anaiog fiiter' severely attenuated sounds at the lov f"requencies, the 

result was initi~ly surprising. HOllever, the Ilterature contains . 
. conslderable disagreemént about the transnllssion properties of lung 

tissue. Forgacs (1978) cla i med that the upper eut-off frequency vas 

200 Hz. Kraman (1 983b) called the lung a sharp band-pass fil ter but 

sholled transm i ss i on spectr'a at 1 east as vide as his band<-limited 

source, From 125 H~ to 500 Hz. In agreement w i th the present data, 

Kraman (1983a) sholled that there vere sounds at frequenc i es as 1011 as 

50 Hz that 'could be related to respiratIon but that t'he nOlse pOiler at 

1011 frequencles, lias as large~ Banaszak et al.\(1973) found that sound 

pOiler from 75 Hz to 215 Hz increased as a ~ction of" floll o rate and 

that the lowest frequencies lIere the 10udest, and HcKusick et 

al. (1955) measureJi breath $ounds at frequencies f"rom 60 Hz to 350' Hz. 

Clearly, aIl statements about the f"requency traf)smission properties of" 

the lung must be questioned. 

,The acoust i c properties of" lung not documented. 

Since i t m,av be con-sidered to ai r bubbles 

embedded in a viscoelastic matri)( and containing strands of sti ffer 

"material, "its beha;io~r can be expect~d to be comple)(. For example, a 

. 
rubber matri)( containing air particles has a strong resonant f"requency 
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in the kilohertz range that 1S a f"unction oF the bubble size, bubble 

concentration, and properti es of the rubber (Gaun'aurd and Barlow, 

1964) • No evidence ..,as see~ that resonance in the lung aFFected the • 

measurements. Hovever, because of the complexi ty oF the relat i onships 

involved, an experime'ntal study of the sound transmiss10n propertles of" 

1 ung tissue i s needed. 

Attempts to measure the transm1ssion properties of the entire 

chest have be"en made by Ploysongsang et al. (1977, 1978)-, Kraman ànd 

, 
'Austrheim (1982), and Kraman (1963b) by puttlng a >speaker at the mouth 

and recording the sounds over the chest at differen't locations., 

Unfortunatel y, as, Kraman and Austrhe1m ( 1 962 ) point out, the 

transmi ssion paths From the mouth to the measuring sites are di fferent 

f"rom those from ..,ithin the parenchvma. To determine more usefu 1 

transmission details, a vide-band input signal liould have to come From 

w i thin t9,e lung. 

6.4.6 SUGGE:STI ONS fOR FURTHER VORK 

6.4.6.1 Problems of Hethodology 

The problems of microphone attachment during the "experiments 

were considerable. Smaller., lighter ,Jl1,icrophones vould be easier to fix 

'- to the skin and should be us~d. The microphones should be ca 1 i brated 

identic'al. 

Although ,good sl~als vere obtained in a noisy environment if" 

the microphones vere weIl ~pled to the sldn, the ex~riments ..,ould 

\ 
have been better i,n a quiet room. -'fe ampl ifier \ ~bum and venti lation 

\ 

Fan noise liould be relatively easy to' eliminate by soundproofing, but 
\ 

the n~ise sometlmes generated) in the pneumotachometer at high flow 

rates more diff"icult to control. .. 
'JI 

',olt might be batter to 

- --------- ------------
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measure volume changes vith a spirometer to remove a source of noise 

that, like the signal, is related to the flov. 

6.~.6.2 Suggested 5tudies 
'+;, ~ 

Until more is knovn about the site at vhich sound )s 

generated in the lung and the manner ih vhich it propagates through the 

tissue, any hypotheses about the overall sound signal viii remain 

vague. To test the applicability of the theory of Nelson and Morfey 

(1981) to a branching structure like the airvays, acousti/ experiments 
/' 

should be performed in a bi~urcating model. trom that model of sound 

generat Ion, if i t shou 1 d prove to b,e true, the 1 ocat i ons of the' sound 

~enerators could be estimated based on pressure drop measurements. The 

transmission of sound should be studied From a knovn sound source 

placed vithin the lungs to measure the frequency,dependent attenuation 

as a function of lung inflation. With the data from those experiments 

the study of lung sounds could yield ~ore concrete results. 

6.5 CONCLUSIONS 

tung sound measurements are problematic. The zone measured ,. 

is unknovn, the transmission properties of the tissues are unclear, and 

1 • 
vhether or not either Is constant throughout a breath 15 indeterminate. 

Nevertheless, interestlng properties can and have been measured. 

Lung sound amplitude varied vitn the second pover of flov 

during inspiration. During expiration the expression vas not 

significantly different altho6'gh the dataOvere not vell represented by 

a pover lev functlon. This linear relationship betveen flov squared 

and sound vas independent of the pressures needed to generate the flovs 

and of the pattern of breathing vithin the rangeS\GOnSidered. The 

( 

) 

l 



( 

Page 196 

gains in the relationship vere variable among subj~cts. They did not 

seem to be a direct reFlection'oF the ventilation distribution. 

The lung sounds measured vith both microphones ,vere in phase, 

even in situations vhere the regional volume is knovn to change 

sequentiallv. The most likelv explanation For this phenomenon is that 

the sounds vere generated central IV. The regional diFferences then 

vere caused by variations in transmission properties of the lung and 

chest vall. 

Identification of the dynamic sv stem between total Flow and 

sound pressure is probably impossible. The Frequency limitations of 

the respiratory system prevent i~vestigations much bevond 3 Hz where 

the linear system is still one of static gain. Non-linearities such as 

hvsteresis or the volume effects reported by others (Leblanc et al., 

1910) complicate the problem. Other nonlinear efFects su ch as changes 

in the cross-sectional area of the regions producing the so~nd either 

because of Shifts in the location of sound generation or because of 

physical aiterations with lung inflation may complicate the situation 

further. 'Because,tnspiratory and expiratory sounds must be treated as 

l' 

separa te input signaIs, the production of a zero mean input with a 

fnormal dlstribution of amplitudes is impossible, and anv detailed 

system analysis would be very difficult. 

Normal lung sounds in adults shoved no spectral shifting vith 

Flow rate or flow di~~ction. Cnly the magnitude of the power changed. 

The galns in power at dlfferent frequencies vere not uniform, the 

largest Iving in the range between 120 and 240 Hz. 

- -- -,--------------......... ..--- i 
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Lung sounds mav give quaiitative i~formation about the 

distribution of regional ventilation. Hbwever, on a quantitative 

level. they do nct appear to measure it. The sounds themselves are 

direct1v related to the second power of the airflow, not to regional 

volume changes. 

! 
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CHAPTER 1 

CONCLUDINC SUMMARY 

7.1 SYNOPSIS 

• A three-p~rt study of tidal breathin9 in normal human 

subjects has been presented in this thesis. A mathematical model of 

pleural pressure-driven ventilation was used to study the effects of 

the magnitude and freQuency of pressure variations on tidal volu.e 

distribution. A relationship between tne quantity of inhaled 

krypton-SIm, a radioisotope, in the lungs and the regional flov per 

~ 
unit volume vas derfved, and krYPt~n-Blm vas used to measure the 

dyne.ies- ,of breathing. Breath sounds vere studied in relation ta t.he 
1 

airflov at the mout.h. The findings of eacn sect.ion will be su_marized 

brfefly. 

1.1.1 THE PLEURAL PRESSURE-DRIV(N MODEL 

identical 

The model consisted of tvo parallel compartlIIents 

pressure-volume and pressure-Flow characterlstics. , 

vith 

The 

•• cnanical properties at any time therefore were determined by the 

pressures, volumes and flows in the individual compartments. Regional 

inho.ogeneity at the start of inspiration was caused by a static 

pleu~al pressure differenee betveen the compartments. As the ~reathing 

cycle progressed, ~he effects of the pressure changes, volume changes 

and flovs altered the mecnanical properties. 

The ratio of the tidal volumes dellvered to the two 

compartments was almost independent of the amplitude and frequency . , 
during breathing from functional residual capacity (,RC) if the ratio 

of pleural pressure svings on the compartments 'was held constant. Wh en 
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the pressure swings were identieal, the volume 'delivered to the 

C 
dependent (lower) compartment was greater than that to the uppe~ by an 

amount that depended on the statie pleural pressure. The dlfferenee 

betlieen the compartments lias slightly greater liith larger tldal 

volumes. Also, if the driving pressure on one compartment led that on 

the other, a greater proportion of the air entered the compartment that 

filled later. Ne~ertheless, these changes ln the distribution of the 

inspired volume liere minimal. They liere attributable to the dirferent 

pressure-volume operating pOints of the compartments. 

8eeause of the shape of the pressure-volume eurve, the 

effects of small static pressure dlfferences lias ,a functlon also of the 

starting volume. At extremelv 10111 volume, the non-dependent region lias 

more compIlant th an the dependent zone and received more tidal volume. 

As the initial lung volume was increased, the situation became that 

described above. At high volume, th~ tidal volume â~aln favoured the 

dependent compartment. 

Chànges in the ratio of the pleural pressure sWings on the 

compartments caused almost proportional alteratlon ln the tidal volume 

distribution. This effect, although modlfied by the tidal volumes. and 

frequencies of breathing, domlnated the control of the dlstribut(on of 

air. Horeover, the ratio of the pleural pressure swings affected the 

sequence of ventilation; phase dlfferences in fll1ing and emptying of 

the compartrnents liere generated lihen the pressure swings liere in phase 

but of very different magnitudes over the compartments. 

Different waveforms of pleural pressure variation generated 

flolis of different forms to the compartments, but the overall tidal 

volume effect was very similar. 

l' 

For step changes" in pressure (square 

J 
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vave), the non-dependent compartment recelved slightly more air th an lt 

did vith sinusoidal or triangular pressure svlngs. Nonetheless, the 

tidal volume distrlbution betveen the compartments remalned primarily a 

function of the pleural pressure , rat 1 0 v i th the resistance and 

compliance 'in each compartment ca~slng secondary effects. 

1.1. 2 A MaDEL Of' KRYPTON-Stm DYNAMICS 

"v- , 
1 

~The lung vas divided lnto tvo arbitrary regions. In tbne, the 
) 

convection zone, convection in the expansile airways vas the only 

method of tracer transport. In the ether, the respiratory zone, there 

vas no bulk flov, the dimensions vere constant, and gas moved by 

melecular diffusion only. The airvay cross-section increased 

o 
exponentially vith dlstance in both zones but vith dlfferent 

coefficients of the exponent in each reglon. The equations for the 

regi ons vere solved analytically to obtain the time-varying 

concentration profiles of krypton-S1m. The con cent rat ions, Q l ntegrated 

over the region, yielded the activity-tlme curves. Because of the 

times and dlstances involved, the concentratlons in the conducting 

t. 
reglon vere more important than those in the resplratory zone. The 

ratlo of the time derivative of the krypton-S1m activity to the 

activity itself modelled the ventilation per unit volume. Thls 

derivation alloved the interpretatlon of the krypton-SIm activity 

during an average breath. 

o 

\ 
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7.1.3 KRYPTON-SIm MEASUREMENTS 

Experiments were performed using krypton-8lm and a gamma 

.. 
" came.r-a. Hea 1 thy human subjects breathed ami xture of krypton'-B 1 m and 

air vhile they layon their left sides, their baeks against the camera. 

Four different patterns of regu 1 ar . brea"th i ng vere studied, 

12 breaths min- 1 at the eomfortable tidal volume, 12 breaths min- I at 

t"'iee the tidal volume established ln the ear~.ier measurement, 

24 breaths min- I with lts eomfortable ti dal volume, and 

24 breaths - 1 mIn at twice that volume. The activity was analysed using 

the classle steady state method (Fazio and Jones, 1915) and the dynamie 

metnod of Chapter ..;. 

Ouring the experlments, the krypton-SIm vas diluted vIth aIr 

in agas bag before being dellvered to the subJect. Bath the flow of 

air and that of krypton-BI m were constant; the bag inflated and 

deflated during breathing. The reservoir vith its steady feed 

maintalned the concentration of the isotope at the 1 trachea almost 

constant âuring inspiration. Sinee both the dynamie model ln Chapter 4 

and the steady state analysis 
1 

assume a cCjlnstant inlet concentration, 

such a dellvery system is essential if lung scans are to be interpreted 

quantitatively. 
. , 

Even ~ualitatlvely, the pctivity profil~s in the lungs 

of a seated subject ",ere altered by the absence of the mixlng chamber. 

However, stronger krypton-Blm generators are required because of the 

increased residence time of the gas in the circuit. 

1 
The distributlon of the average volumetrie fl~", and thus of 

the tidal volume \las obtained from the steady state seans. Neither the 

ratios of the counts nor those of the average flo\ls in the 

non-depeh~ent and dependent lungs varied significantly ",lth frequency 

.- -
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or tidal volume. Thls result vas consistent vith the model of 

Chapter 3 if the dlstribution of the pleural pressures over the lungs 

vas unchanged. Because the pleural pr,ssures vere not measured, it can 

ont y be postulated that this vas the case. 

In order to study the changes of krypton-81m activity in the 

lung during a breath, a representative breath was constructed. Sixteen 

images lIere framed, each conslsting of the sum over aIl the breaths of 

the actlvity from one-sl~teenth of a cycle. In the measurements where 

a pneumotachograph signal lias available, the flov per unit volume 

calculated using the method of Chapter 4 for the entire lung field 

compared vell v 1 th that cal C,!J 1 ated From the pneumotachograph. The 

method lias applled to the analysis o~ the rlght and laft lungs 

Individually. 

The flov per unit volume ln subjects ln the left lataral 

dacubitus posi t i.on was greater in the dependent than in the 

non-dependent lung. It increased \lith both tidal volume and frequency, 

but' part i cu 1 ar 1 y v i th frequency. The Increases as weIl as the 

magnitudes \lere larger in the dependent lung. The ratIO or the rlo\ls 

in the lungs, computed using the flov per unIt volume curves and values 

of the relative volume of the lungs from the literature, Indicated that 

the depandent lung received more flow than the non-depandent lung for 

most of the cycle of a normal breath. The flov ta the non-dependent 

region dominated only for a brief time vhen the directi~~ of airflov 

changed. Sequential ventilatIon vas evident also, vith one compartment 

filling while the othar vas empty{ng at end inspiratlon and end 

explration. This implies the direct exchange of gas betveen the lungs 

ln normal subjects in the lateral decubltus positIon. 
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1.1.4 BREATH SOUND MEASUREMENTS 

Breath sounds were recorded at the surface of the chest. Two 

microphones were used simultaneous1y, one more dependent than the 

other, in each of the seated and 1eft laterai decubitus positions. 

Sounds were recorded for regular breathing, fo~ tracking of step 

changes in flow, and for s1milar tracking through a flow resistor. 

The amplitude of the breath sounds was found to be 
, " 

proportional to the square of 

eX~lrati\n. 
the flov rate, but vith different gains 

on inspiration and The fit of relation vas excellent on 

inspi.rat10n but poor.. on exp1ration. As other Inv-9stigators have found, 

-the ga1ns shoved very large in':ersubject variabi l'ity, related perhaps 

ta the differences ln body type." The ratios of the ga1ns From 

non-dependent to dependent mic~ophones also showed a conslderable 

range, again in accord with the literature values. When the subjects 

moved from the seated to the lateral decubitus position~ the ratios 

\ 
decreased but by dlfferent amounts for different subjects. As nelther 

the pattern of breathing nor the presence of the resistor had any 

consistent effect on the ratios, it 1s unlikely that the sound vas of 
'f;. 

muscular origine 

Il linear dynamic systems analysis betveen i nspi ratory or 

expiratory flow squared and the sound amplitude showed no relationship 

beyond that of the static gain. The sounds were in phase with each 

other and vlth the Flov at the mouth, but there was hysteresis evident 

between the Flow squared and the sound amplitud~. The most plausible 

explanatlon for the phase relationship and hysteresis 1S that the ?ound 

is generated in "the larger airvays and 1s trhnsmttted ta the 

measurement locations, the attenuation depending on the local air and 

.. 

.. 
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, 
blood volumE!. 

J 
The power spectrum of the sounds calculated for periods of 

constant flow shoved 1ncreases of pover wlth flov and lover pover on 

expiration than on inspiration but no shifting of frequency as a 

function of flow or of flov direction. The pover at aIl frequencies 

increased with the four th power of the flov. 

7.2 srCNlrICANCE or THE PRESENT WORK 

The following, taken from the principal results given above, 

reprl1sent the major significance of the présent work: 

~. The model study snowéd that phase d1fferences between 

fJows can be generated by pressures that are in phase and thet pressure 

swings Sllghtly out of phase ,\y generate 

then those in phase. rurth~more, the 

more uniform distributions 

waveforms of the pressure 

'\ SW'ln9S, whi le influencing the shape of the ~Iow curves, have minimal 

effect on the distribut10n of a t1dal volume within the lung. 

2. The dynamic krypton-Stm model represents the fi rst 

interpretation of the activity-time curve over a representative breath. 

The information obtained non-1nvasively a9rees with that from intubated 

subjects. 

3. The regional ventilation per unit volume was found as a 

function of time, rather than as a single average value over a breath. 

4. The relationsh1p o~ lung sound amplitude ta the square of 

the flow 1s substantiated hera for the f1rst time. 

, 

:;....-- - ----- - - - ~---~ -~...-,.....,---~ 
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IIhen Itorldng krypton-SIm, activltY-,tlme' cûrves 

o , 

constructed From lung sc ans acqu1red in list mode may b~ used; through 

the application of the dynamic model, to o~tain information about the 

ventilation per unit volume and the sequence of F)ovs in different lung 

regions. The technique could be ,useful for phySiological, lnvestigation -~" . '" 

of normal ~ubJects or as 

scan is being performed. In 

more radiation exposure; 

a ~ur~her ,PiaSStl-C 

the latter êàse,'the 

procedure wh~n a lung 

patient would have no 

the test would be.performed on the data 

already acquired. The physiological measurements could be performed 

under a varlet y of conditions includlng during exerClse. The regional 

, 
ventilation per unit volume as a functlon of tlme could provide useful 

""-
information about poarly ventilated regions. A dl!'?tincti'on; loIould be 

possible between areas that received air slowly and those that vere 

ventilated late. 

Concerning 'lung sounds, previous authors have assumed the 

betloleen air 
~ 

flow and lung sound to be either linear or 

curvilinear. The fev tests that have been made have been based on a 

small 'number of points aller a limited,Jange of flo'ols. The functional 

relation, (sound amplitude)-~flov\2, provides' a flrst step in the 

understanding of the source pf the sound. If the sounds are related to 

thê kinetic energy as seems reasonable From the flow squared fit, thën 

the probable source oF the ~ound is in the larger airlolays where the 

velocities are high~ Experiments should be designed ta inllestigate 

this poss'ibi 1 i ty. 

1 
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