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ABSTRJ\Cl' 

"-'\ 
The effect of lung deformatl.on upon lts meGhanlcal propertie<; was 

studied by measuring the quasi-static. ~tat) and dynamic (Cnyn) 
.. 

compliances of excised newborn plqlet lunqs deformed by a vert lcal plf'ural 

surface pressure gradlent. Cstat was not affected by cteformation. Cciyn ~ 1 

was less than Cstat in the deformed and undeformed lungs-but thf' çhfferencf' 
P' 

was greater ln the deforrned lungs. ThlS behavlor sUCJgests th,~t dl<;tort IOn 

of the chest wall may lncrease the extprnal. (PV) work of breathln(l ln 

newborns. 

The contribu1ll!l.on of lunq VI scoelastlclty t r ) thp (il fferencE' !wtwC'el) 

Cstat and Cdyn of the undeformed lt.nq wa~ eVdmlned by measunnq stress 
" 

relaxatlOn) Cstat, and Cdyn of ?xci.5ed luno,:; from newborn klttf'nS ann 

<1 
adult cats. The relatlve dlfferpnce between Cdyn ancl Cstat and thf> 

magnltude of stress relaxatIon decreased with age, Indlcatlnq that ttll' 

r 
viscous nature of the newborn's lunqs causes larger. ratp dpp .. 'ndent 

changes ln 1 ts compllance compared to the adul t' s. 

Age related changes ln the viscôelastlc propertlPs of thf' rat 

reSplratory system were examined in ra ts lx-tween land 40 daye; 0 lcl. 'T'hl' 

rate of stress relaxatlOn Increased in the firc;t wef'k and thereafter 

decreased. Mean ra'tes of stress relaxatlon were used to predlct ra!'C' 

dependent changes in the paSSlve recoil pre~ure of the ree;plratory 

system using an empirical model 'of Vlscoelasticlty. Predicttons wen' 

close to actual values suqgesting that frE'quency dependent changee; in 

the dynamlc compliance of the newborn 1 s respi ra tory !lys tem ran occur 

independently of mechanisms involving the distribution" of ventilation. 
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RÉsuMÉ -

La déformatlon du poumon entraln,e des modifications de ses proprletès , 
m~çaniques. Ces changemen,ts ont été étudiés en mesuran t les complianc~q 

quaSl.-statlques (Cstat) et dynamiques (Cdyn) de poumons de porcelets 

nouveaux-nés excisés et déformés par un gradient "'ertical de pre.ssion 

pleural. Cstat ne vane pas quapd la d.€formation est appliquée. C'ciyn est 

Infèr leur il Cstat aussI blen dans les poumons d~ famés que dans IE's poumons 

non déformés, l'écart étant plus grand pour les poumons déformés. Un tel 

c;omportement suggère quÎune dlstorslon ,de la parOI thoracIque peut accroître 

le trayall (P. V.) nécessaire ci l~ ventilatIon chez les nouveaux .... nés. 
, . 

La part de la dl.fférence entre Cstat et Cdyn Imputable aux proprlétés 

Vlscoélastiques du poumon a été examinee en mrsurant les relations de 

contraInte-relaxation et les parametres Cstat et Cdyn sur des poumons éxcisés 

de chatons nouveaux-nes et de chats adultes.) La dl.fférence relative entre 

Cstat et Cdyn et l' ampll tude de la relq.,tion de contrainte-relaxatlon Ci Imlnuent 

" - / ' 
l ,JI. d' l~''''' d d .. avec age. CeCI ln l.que -que e caractere vIsqueux u poumon J e nouveau-ne 

provoque des vanat..lons de sa compliance qui dé'pendent de facon plus marqué'e 

de la vitesse de rempllssage et qUl. sont plus importants que ce qUl est 

, ., 
observe chez l'adulte . 

. Les variations des proprietes viscoelastiques du syst~me respiratoire 

du rat en fonction.de J'~ge ont été étudiées sur des animaux agés de la 40 , . 
jours. La vitesse de la con'trainte-relaxatlon augmente durant la premlèrê 

semaine et rediminue par la sui te. Les Vl. tesses moyennes de contrainte- , 

relaxation ont été util.i.sees pour predire les changements de la tenSIon 

passive de repliement qui dependent du temps. Cette étude repose sur un 

r, 
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modèle e~pirique de viscoelasticité. Les predictionS du modèle sont pn 

bon accord avec les données,experimentales. CeCi indique que les varIatlonH 

de la compliance dynamique du système respira to~re du nouveau-ne rtUl ci(.pendent 

la frequence penvent exister indewendament des mécanismes rtUl ..Ion't é\prwl il 

la distr lbution de la ventllatlon. 
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Preface ----.' ... 

This thesis conforms to the gui.delines ,concerninq thesis prepâration 

« 
outlined by the Faculty of Graduate Studies and Research of McGi Il Univer-

sity. The Faculty offers the Candidate "the option, subject to thp appro-

val of the Department, of including as part of the thfj'sis the tpxt of an 

, priginal paper, or pâpers, suitable for submission to learned ;ournals for 

publication. ,,1 

Chapters 2 and) of this thesis arf> publlshed ln tht' .Tournal of Ap

i 
p_~ied Physiology, and Chapter·4 is published in Respirat ion Physioloqy. 

Chapter 5 was recently submi tted for review to the Journal of Applled 

PhyslologY. Each published study ls listed in the Biblioqraphy at the 
J 

end of this thesis. ~ 

o 

The unit of pressure measurement (cm H
2

0) employed ln this thesis 15 

commonly used in studies of the respiratory system and acceptea by the 

abo7e mentioned journals. The SI unit of pr'essure is the Newton/m
2 

which 

-1 -2 2 
has unit:s kg m sOne Newton/m i5 usually referred to as one Pascal 

which is abbreviated 1 Pa. The conversion factor for cm "20 to Pascals is 

given by 

• 

\ 
\ 

1. From "GuUlelines Concerning Thesis Preparation", Faculty of Graduate 
Studies and Research, McGill university. Revised, April 1984. 
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LUNG DEFORMATION 

Dunng InSpIratIon, the diaphngm IS dlSpl.lceJ ln to JbJornen, caus-

Ing pleural pressure to fal! Jno drawing air lnto the lung SI mu 1 t:t n COU" 1 v , 

the pressure wlthln the abdomen Increases JS the abJomln.t1 content~ .ne 

pU~:leû agalnst the elastlc abJomlnal wall. Part of the wall Jlstenu<; out- (i::. 

waro anu the dImenSIons of the abdomen vary accordlng ta the ch.lngt ln Jb-

\ domInaI pressure (Goldman and t-Ieau, 1973). The motion of the ..IbJomen anJ 

nb cage together descnbe changes ln the conflgurJtlon of the rC"j1tr.ltorv 

system (Konno anu t-leau, 1967). Dunng qUIet bre..1thlng ln Jn .IJult \Iprlght 

/man for example, the motIon of the abdomen onu rlb cage l', '-,lmll~15 to the 

pattern observed during a relaxed eXplratlOn. Thl" p.lttern 1-" uctermlneu 

solely by the passIve recoll o~the chest wall and lung anu thu'i reflect'i 

the least elastlc work ûf brcathlng. Dl<;tortlon of the rCc,pIr.ltory o;v-.,tcm 

may be deflned as any proccss WhlCh causes the conflgur:ltlon of the re<;-

piratory system to devlate From ItS relaxcu conflguratlon 

In aouit .man, the Increasc ln abdomInal pressure Junng InSptrat Ion 

aets to expand the lower rlb cage, thus counteractlng the cffcct of the 

decreaslng -pleural pressu;re (Goldman and Mead, 1973). The actIon of ..IbJ-, 

omlnal pressure does not affect the upper nb cage, \~here the chan~e ln 

pleural pressure encourages tl;e' rlb cage to move InW.lrJ :1nJ thll<; reuucc thl' 

volume of the thorax. lIowcver, the effeet of Jecre3slng pleural pres,>ure 

on the upper r:b cage lS counteractcd by the contr3ctlOn of the par.lstcrnJl, 

scalenc and stcrnomistoid muscles whli:h pu11 the nb cage upw;vrJ,> and out-
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\,11 1 Il Il l' (Dru.: ,JJ1d ,,1)'IIP, 1<).'11) 1Illllbit Illg tlll''>l' IIlu,>cle'> l'llllllll.ltC,> tllelr 

11l111ll'I1U 011 lIb L',lge ,IIIIICIl"IOIl'> .111.1 l,lll~'" .Ill Illw.lrd 1l10Vl'llIl'llt 01 col J.111"l' 

Ille dl.ql/II.lglII 01 tlll' IIC"-

!Juill 111~l'l t" III Il 1\ 1J(III':tJIJt.III~ Illto the' lib L,~gl' III LOlltl.I,>!' to thL' .Idlllt 

• . 111 oblique ,lllgle (~'ulll'I .IIIJ IIn.lll, 1 <)77) IIlI" 
, 

11r.1Il):l'lIll'llt tl'Illh to dJ.II'< the 1'1\) l.lgl' Illw,lrJ" dllrlllg 111"111 I.ll 1011 Ilot llilh 

i\" ,1 rl'''lll t, the n:~JlIl.ltOJ·y '>y~tcm of tlle nOCllate (ornrnollh' JlspLI)''> lflW,ll'd 

( 
thl 101\l'r J lb l.1):C (f.-1I111 ct .11 

IÎltllougll thL' ,lltlOIl of the llel'<bOIïl Jl.lphr.l).:m would .IJlpe.l1' lo CIlCOUIJgC 

Jllhl' tlle lhe,>t w.1I1 to dl'VI,llc f rom Il ... rcLlxcù conflguJ'.ltlon 
1 

One Lll t 0 r 

.ljljll·.II''' tll 1Jl' tlle cOlllpll.lIlLl' ni the chc'>t w,tll Ncwborn Ill,lllllll,)\ " Il..lve .1 rc-

11111).: L'ulIlll\l,lllll' r.ltlL! 1" gn'.ttL'r tl1JIl tll.lt roulld III .Idult" (tlVel') .lIld Lou~, 

10<d, Il,,hel' .llld ~kJl'toLI, l~Ji';(), ~lortoJ.l, IqH~) 'Jhl'> L.llJ~C" tlle lhl'~t rôDe 

lIIorl' c.l"ll)' Jl'lorlllcJ by the Jctlon of the contractlng dl<lphr,lgrn ,lnJ tlle V.lr-

1.1 t 1 0 Il ... 1 n p Il' U 1 J 1 P l'l' " ~ LI r (' llll'thermorc, th~ compllancc of the (hc~t WJtl 

1" III-('Iy Incrc.l,>eJ by Inhil)ltloll of the lntcrcost.1l llIu..,cle" \o,ll1cl1 tend to 

" 
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stl.ffen and stabl1lze the chest wall (TUS1CWICZ et al, 1(77). InhIbltlon 

of the Intercostal and other postural muscles typlcally occurs durlng the 

actlve phase of sleep th<;lt is common1y calleJ RLM (Rapld Eye Movement) 

sleep. The newborn Infant spends much l'lore tlme asleep and ln the RLM 

state than aoults (Parmalee ct al, 19G7) durinq WhlCh timc thcrc 15 a 

marl<ed Increase ln chest wall d.lstortl0n (Knlll et al, 1(76). 

Slnce dlStortlon of th~ chest wall represents a departure [rom Its 

relaxed conflguratlon, It will locreasc the work of brc.:ltluoq. DI.1phr.lgm

atl.C CMG ln the newborn Infant locreases more thao 150\ durlnq chest wall 

dl.stortlon assoclated wlth REM sleep, suggesting that the work-load of the 

dl.aphragm lS Incrcased to compensate for the work of dlstortlnq thc chest 

wall ln addltlon to the work' of ventl.latlng the lung (Muller et al, 1979). 

Furthermore, prolonged dlstorted breathlng caUSeS Shlfts ln the hlgh/low 

ratlo of the EMG frequency spectrum that are Indlcatlve of muscle fatlgue, 

and are assoclated wlth an increase ln the Incldence of apneic spells. 

The total work of breathing represents the work performed by the respuator'l 

muscles ln order to ventilate the lung and conslsts of two foms, Inte.l 

and external. The Internal work is the work donc ln deformlng the chest 

wall whereas the external (pressure-volume) work of breathl.ng lS the work 

done on the lung and 15 the conventlonal mcasure of resplratory work (Otis 

et al, 1950). 'Though part of the Increase ln the total work of br~a thlng 

durlng chest wall dlstortion l~ undoubtedly due to an Increase ln the 1n

ternal work, It lS not c1ear how dIstortion affects the mechanlcal proper

tl.es of the newborn lung. Conceivably, lung dIstortion may alter ItS 
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pressure-volume cha~acterist1cs and therefore, the work of venti1at1ng 

the lung. The externa1 work of breathinq 1S genera1ly ca1culated from 

the relationship of transpulmonary pressure and volume, which is deter-

m1ned dur1ng spontaneous breathIng by using an esophagea1 balloon to es
~ 

tLmate changes ln pleural pressure. Measurements of esophageal pressure 

in newborn infants dur1ng non-distorted, quiet breathIng appears to he a 

re1iable method of estimating varIations 1n pleural pressure provided that 

a thIn-walled balloon (Beardsmore e't al, 1980) or a flUId-fIlled catheter 

(Asher et al, 1982) 1S used. Dunng perlods of marked d1stortion however, 

variatIons il1 the dImensions of the rlb cage causes uncven àistributlOn of 

pleural pressure in preterm and tcrm 1nfants, ind1catIng that esphageal 

pressure may be an unre1iable measure of mean pleural pressure (LeSouef et 

al, 1983). Cop.sequently, thlS approach may not provide accurate information 

concerning the affect of lung distortion upon its mechanical properties. 

An alternative approach 1S to examine lung distortion using excised lung 

preparations in which the transpulmonary pressure can be measured with 

greatcr precision. Excised lung preparations have been used to examine 

the effcct of 1ung distortIon 1n adul ts using a var iety of methods to produce 

d1stortion (Glaister et al, 1973; D'Angelo, 1975; Lai Fook et al, 1976; 

Murphy et al, 1983). However, no comparable studies have been done using 

the lun9s of newborns. The object of the first study of this thesis then, 

1S to assess the a ffect of 1ung distortion on excised lungs of newborn 

pl.glets • 
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LUNG VrSCOELASTICITV 

V~scoelastlc~ ty refers to the mechanIcal behavlOr of mater l.Jlb wlllch 

<..Ire v~scous uul posses!> cerlaln elastc l'rOperlle~~ !Juch as lhe aUlllly lu 

store the enerqy of deformatlon.,~ MO~ blologlcal llssues are vlscoela~llc 
and can bc dlstlngulshed [rom elastlc malcrlals by the ..Y..Iscoelastlc pheno-

mena of stress relaxatIon, creep and hysteresls. Stress relaxatIon refcr'; 

to the time dependent decay ln t~ssue skress that occurs when lhe tIssue lh 

stretched and held at Its new length. Creep lS the converse of stress re-

laxat~on and descr~bes the graduaI extenSIon of a tIssue under con!>lant 

slress. If lhe l~ssue IS sUDJected lo CyCllC loaùll](J, lhe lO.Jdlnq procc',<, 

differs from lhe unloùdlng process and a loor or hystercsls appear!J ln lhe 

stress-slral.n curve over a complete cycle. r:ach of these phenomcna are ., 

present to varyIng degrees .ln d~ffcrent t~ssue types, and hecause lhey arc 

~nterrelated, a t~ssue whl.ch exhl.bl.ts pronounced stress relaxat~on wIll ùlso 

dl.splay pronounced creep and hysteresis (l'ung, 1981). 

The v~scoelastl.c properties of a t1ssue are often examlned uSlnq mech-

an1cal modéls composed of 1deal sprIngs and dashpots. One advantaqc of thl', 

approach lS that the mechanl.cal behavlOr of a tissue can he scparated ~nto 

hypolhet~cal- elastl.C and V1SCOUS components correspond.lng to the IndIv1dua.l 

clements of the model. The mclhod Il.1, becn u,cd for a vLlrlely ()f 1 l ',',uc". 

such as artcrles (Bergel, 1961), strlps of aorta (Palel ct al., l'llO), and 

heùEt valves (L1m and Boughner, 1976\ to characterl.la the mechanH .. al bcuavlor . 
of the tlssue durlng forced deformat1ons. In general, lhe elastic and 
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v~!jcous components of b~ologic.:ll t~ssues lncrease rather slowly over a 

wlde .range of frequency and the energy dlsslpated per cycle, or tlssue 

hy~teres~s~ IS nearly ~ndependent of frequency (rung, 1972). In terms of 

v~scoelast~c models, th~s behavlor can be slmulated by a model composed 

of il large number of sprl.ng-dashpot comb~nat~ons (le. Maxwell elements) 

ln parallel. 

Since the lung and resplratory system are composed of vl.scOelastlc 

tlssues, the~r mechanlcal behav~or, ln terms of inflatlng pressure and 

vol ume, exlnbl t character lStlCS that are quall tatlvely slmllar to those 

observed ln tlssue strlps. Stress relaxation wlthln the lung and resplra-

tory system for example, appears as a tlme dependent decay ln transpulmo-

nary or trilnsresp~ratory system pressure (rlgure 1-1). The vis50elastlc 

c propertles of the whole lung or respiratory system therefore, can be 

characterl.zed ln terms of tlme or frequency dependent vanations ln the 

reliltlonsh~p between Inflating pressure and lung volume. 

One of the fl.rst systematlc studies of the vlscoelastic prOb'ertles of 

whole lungs was performed by Bayllss and Robertson ln 1939. In that study, 

the pressure-volume charactenstl.cs of the lungs of adul t ca ts were mea-

sured durlng forced mechanlcal ventllation and subsequently partltioned 

lnto V1SCOUS and elastlc component,s. Lunq elastance was defined as the 

change ln pressure per unit change ln volume Jue to the elastlc forces wlthln 
~ 

,;or 
tllC lung and 'l ung Vlscance 1 was the term used to descr Ibe the total non-

elëistlc pressure expended dunng each cycle of ventilatlon. 1 Lung Vl.scance 1 

was consldered to be a combinatl.on of 1 structure viscance " WhlCh is a 



\ 

1-8 

o 
KITTEN 

'4cmH20 l 

t---:-1 las 

RAT 

4cmH201 "'--

r---i lOs 

FIGURE 1.1 Examples of the time dependent decay ln Inflatlng pressure 

caused by stress relaxatlon withln the éxclsed lungs of a kltten, and the 

resplratory system of a newborn rat. Note that the decay process continues 

o up to the moment the lungs are allowed to deflate. 
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propertyof the tlssue, and 'alr vlscance', WhlCh l.S the pressure loss 

assoclated wlth the flow reSl.stance of the alrways. The relatlve contrl-

uutlons of structure and al.r vlscance were estlmated by varylng the V1SCO-

51ty of the gase5 used to ventllate the lung. Several features of the 

lungs' vlscoelastlc propert1.es were noted. Among these wefe: 1) lung 
~ 

elastance lncreased slowly w1.th increaslng frequençy, ,If structure V1S-

cance WùS unùffected by ventl.latl.on frequency unll.ke ùlr Vlscance WhlCh 

lncreased wlth frequency, and 3) structure Vlscance was about three tlmes 

grea ter than alr Vlscance and there fore was the pr l.nclpal source of total 

.-!.ung reslstance. Bayllss and Robertson remarked that the lungs' structure 

Vlscance was unll.ke a sl.mple V1SCOUS force Slnce l.t dld not vary wlth the 

rate of flow or the frequency of ventllatlon. However, structure Vlscance 

appeared to be re1ated to lung e1astance because.changes 1.n 1ung Vlscance 

often occurred slmultaneously wlth changes ln lung elastance. These ob-

servat1.ons were subsequently conflrmed ln studles of dog lungs by Dean and 

Vlsscher (1941), and rat and cat lungs by Mount (1955, 1956) who coined the 

term "t1.ssue deformatlon res1.stance" ln place of 'structure viscance'. 

At about the same Ume, McIlm y et al. (1955) re-examl.ned the method 

of uSlng gases of d1.fferent vlscosity or denslty to estlmate tissue res1.S-

tance. They observed that the total pressure drop along the airways re-

f1ects the comb1.nat1.on of laminar (viscous) flow resistance and non lamlnar, 

or turbulent, flow reslstance. At a constant flow rate, the flow charac-

terlstl.CS of a hypothetl.cal segment of the alrways lS governed by its Rey-

nolds number, WhlCh 1.S given by: 

.. 
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Re (1-1) 

where 0 is the diameter of the airway, V is the mean velqcity of the flow, 

and ~ and p ~e gas viscosity and dens~ty, respectively. For a hypothetical 

smooth-walled airway, laminar flow is characterized by a Reynolds number of 

less than 1500. Transit~onal flow that is neither fully'lal1u.nar nor fully 

turbulent occurs at a Reynolds number of between 1500 and 2000 and turbulent 

flows general1y develop a Reynolds number equal to or greater than 2000. 

Since the Reynolds number associated with eaah airway depends upon the 

physical characteristics of the gas, McIlroy et al. reasoned that changing 

gas density or viscosity will alter the distribution of laminar and turbulent 

flows within the lung. As a result, 'the total pressure drop along the air-

ways will not vary strictly in proporticn to the change in gas viscosity or 

density, but will also vary according to the re-distribution of laminar and 

turbulent f1ows. To avoid changing t~e ~low distribution within the lung, 

they proposed that gases of equal klnematic viscosity be used, where the I<i-

nematic viscosity of agas is given by 

'li = (1-2) 

under these conditions, the resistive pressure ?rop of the airway should 

vary in proportion to changes in viscosity and density, and tissue resis-

tance may be estimated by extrapolatin~ to conditlons of zero vlscosity and 

density. with this approach, McIlroy et al. showed that the lungs' tissue 
~ 

resistance in man accounted for about 30-40\ of the total pulmonary resis
~ 

tance, or roughly half of the values reported by Bayliss and Robertson. 
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Although later studies have demonstrated that the pressure-f1ow charac- . 

teristics are not strictly dependent upon gas viscosity and density (Macklem, 

. "'--
1980; Lisboa et al., 1980; Isabey and Chang, 1981), the results that McIlroy 

provided were the f1rst indicat10ns that a~rflow res1stance rather than 

t1ssue reslstance was the largest source of the nonelastic properties of the 

lung. 

Shortly after McIlroy et al. pub1ished their observations concerning 

lUfg tissue res1stance, Marshall and Dubo1S (1956) measured lung tissue re

s~stance in man uS1ng the plethysmographic method of estimat1ng changes 1n 

1ntra-alveolar pressure developed by Dubo1S et al. (1956). Unlikc previous 

methods where airflow and tissue resistance" wère ca1culated from two or more 
~ 

measurements made at different times, this method offered the advantage that 

total pulmonary, tissue, and airflow reslstances could be measured simul-

taneousïy. To avoid variations in res~stance due to changes in the pumidity 

and temperature of the inspired and exp1red gases, Marshall and Dubois had 
W 

the1r subjccts pant through a heated flowmeter. The average value of tissue 

rcs1stance obtained in this manner was lbout 17\ of the total pulmonary 

res~stance, or half again the value calculated by McIlroy et al. (ie. 0.10-

0.35 cm H2b/l/s versus 0.6 cm H
2
0/l/s) . 

Though the plcthysmographic mcthod appcared to provide a more rcliablc 

method of estimating air and tissue resistances, Marshall and Dubois found 

the disparity between their measurements and previous measurements difficult 

to explain. Indeed, subsequent studies (Bachafen, 1966; Ferris et al., 
1 

1964; .Jaeger et al., 1964) reported values of tissue reslstance of between 
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2 and 40\ of the total pu~onary resistance, using the sarne method. The 

• 
cause of the variability in tissue resistance measurements remained obscUre 

until Bachofen (1968) re,examined thè factors governing the distribution of 

1 
total pulmonary res~stance in adult subjects. Bachofen measured airway and 

tissue resistan1e at various ventilat~on frequencies, mean lung values, and 

t~dal volumes, and observed that lung t~ssue res~stance dlffered from a 

\ 
s~mple V1SCOUS res~stance because the energy dissipated by it d~d not vary 

with the frequency of vent~lation. In other words, tissue res~stance was 

similar to the 'structure viscance' measured by Bayliss and Robe+t90~ 

However, since the energy dissipated by airflow resistance increases w~th 

the frequency of ventilation, the proporti~n of total pulmonary resistance 

~hat is tissue resistance will decrease and will be part~cularly low during 

pant~ng maneuvers. Thus, the large variability in tissue resistance could 

be explained by differences in the breathing pattern used .n the measurement 

of total pu~onary and airflow resistance. 
~ 

Shortly after Bachofen described the features of lung tissue res~stance, 

Hildebrandt (1969~ published the results of a study of lung viscoelasticity 

~ performed on the excised lUngS\Of adult cats. In that study, the trachea 

was se~led to prevent airflow into and out of ~e lung, and lung volume was 
, 

varied by expanding and compressing the gas within it, using a fluid-filled 

plethysmograph. Under these conditions, the energy dissipated by airflow 

resistance ~s minimized and the mechanical behavior of the,lung was due pri

marily té ~ts v~coela$tic prope~ties. Hildebrandt noted that .the hysteresis 
L , ~. 

area of pressure-volume ioaps obta~ned during sinusoidal variations in lung 
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volume, did not vary between 0.01 and 2 Hz but 'that dynamic lung elastance 

increased about, 10\ for every tenfold increase in frequency. Since the 

change. in dynamic lung elastance wa9 small over a wide range of frequency, 

Hildebrandt concluded that the frequency dependent changes in lung elastance 

caused by its viscoelastic nature are normally completely masked by other 

" 
mechanisms that affect dynamic lung elastance, notably those affecting the 

distribution of ventilation within the lung (Otis'et al., 1956; Mead, 1969). 

From the various studies of lU.lg viscance, lung tissue resistance and 

lung viscoelasticity, two Salient features of the lungs' viscoelastic 

properties emerge. The first is that the energy dissipated by the lungs' 

viscoelasticity is nearly independent of the rate of flow or the frequency 

of ventilation and i9 probably less than the energy dissipated by the flow 

resistance of the airways. The second feature is that frequency dependent 

changes in lung compliance due to its viscoelastic nature are small over a 

wide range of ventilation frequency and therefore are practically negligible 

over the normal range of breathing frequency. Each of these features of 

lung viscoelasticity however, pertain only to the mature adult lung and it is 

unclear to what/ extent me viscoelastic properties of the newborns 1 lungs 
1\ 

are similar. There is sorne evidence from studies of lung tissue resistance • 

, 
~, 

in children (Bachofer and Duc, 1968) 'and infants (Polgar, 1966) t'a- indicate that 

these lungs are more viscous than the lungs of adults. This suggests that 

they may exhibit relatively greater frequency dependent,changes in compliance 
1 

than adult lungs. However, there are no studies which have correlated the 

lungs viscoelastic properties with the relationship between static and dynamic 



1 

1-14 

o measur~ents of comp1lance. This then, is the s~ject of the second study 

of thls thesls. Slnce developmental changes ln the vlscoclastlc propcrtlcs 

of the lung will detcrmine, in part, the changes lr:' the paSSlve mcchanlcal 

properties of the resplratory system, the thlrd and fourth studl{!~ of tins 

thesls will examlne thé' vlscoelastlc charêlcterlstlcs of the reSplriltory 

syst~m at dlfferent ages. 

--
/ 

o 

o 
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THE EFFECT OF LUNG DEFORMATION UPON THE MECHANICAL PROrFRTl F') 

, 
OF EXCISED LUNGS FROM NE\.lBORN PlGLET') 

\ 
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SUMMARY 

Durlng breathing, the relatively high chest wali/luog compllance ratlo 

of the newborn favors dlstortion of the resplratory system In tins stuJy 

we have e'Xamined the effect of lung deformation, generated by a hydrostatlc 

ri 
pleural surface pressure gradient, upon the s tatic (Cs tat) and dynamic 

(Cdyn) compliance of the isolated newborn piglet lung Seven lungs from 

pigiets 2-7 days oid have been studied in a saline filled piethysmograph 

Static pressure-volume (P-V) curves were obtained by changing the volume a 

known amount and measuring the correspondlng changes in transpulmonary 

pressure Dynamic P-V curves were obtained by venti latlng the lurtg at il 

flxed pressure and at 20 cycles per minute These experlments were repe,ateu 

ln an au plethysmograph on the undeforrned lung Lung volume history was 

, standardized pnor to each maneuver by three inflations to 20-25 cm ~O 

Lung collapse was avoided by applying an end-expiratory load equal to the 

transpulmonary pressure at functional residual capacity Cstat was not 

significantly different between the deformed and undeformed lung (P> 0 05) 

Cdyn was less than Cstat in both cases (P< 0 025) and reduced further by 

deformatio,n (? < 0 05) We cortclude that 1) peripheral alrway obstruction 

or ~he viscoeiastic properties of the pigiet lung,or both,decrease Cdyn, and 

2) deformation increases the external (P-V) ·respiratory work by further 

f 
dec reas ing Cdyn 
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INTRODUCTION 

Newborn mammals have a relatively compliant chest wall WhlCh 

facilitates delivery through the birth canal. During spontaneous breathing 

the high chést walijiung compliance ratio al 50 encourages distortion of the 

thorax and its contents. The degree of deformation depends upon the 

activity of the accessorl muscles of respiration, notably the intercostals, 

and is marked whcn the activity of these muscles is inhibited such as during 

active (REM) sleep (Hagan et al., 1976). A common observation in infants 

during active (REM) sleep, for example, is an inward or paradoxical movement 

gf the rib cage on insptration (Knill ct al , 1976) Despite substantial 

changes in the dimensions of the rib cage, the newborn maintains 

approximately constant tidai volume and minute ventilation (Anderson et 

al., 1973) aithough sorne of the force generated by the diaphragm is used ln 

deforming the db cage (Bryan, 1979) This suggests that the work load upon 

the diaphragm i"s inereased during deformation and ,in faet, the EMG of the 

diaphragm exhibi ts the charae teris tics generally associa ted wi th musc le 

fati~ue during periods of rib cage distortion (Muller et al. 1 1979). 

If dl.stortion of the 1ungs alters l. ts mechanical propertl.es, then the 

increased work load upon ~he diaphragm may be furthcr augmented by an 

increase in the external (pressure -volume) work of breathing caused by ches t 

wall deformation. 

In this s tudy we have examined the e ffect of deformation upon the 

static and dynamie eompliance of the lung of newborn piglets in order to 
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,deterrnine how deîormation affects the exte'rnal ( p·V ) work of breathing 

The lung was immersed in a saline solution .lOct was deformed by the 

combination of its buoyancy and a hydrostatlc pleural surface pressur~ 

gradient Although other methods have ueen used to deform the lung 

(D'Angelo, 1975, Gilîett et al 1981, L.a-rook ct al., 1976), thlS type of 

deformation is perhaps more appropriate in studies of the effect of 

J 
deformation upon compliancc sincc the hydrostatic pressure eradicnt 

resembles the pleural sur face pressure eradient round in the intac t thorax 

MATERIALS AND METHODS 

Seven newborn piglets between 2-7 days old werc used for the 

experiment (Table 2.1) Each animal; was anesthet ized wi th Sodium 

Pentobarbital (35 mg/kg, i.p), tracheostomized and intubated with a small 

copper cannula ( i. d - 4,5 mm) Following intubatlon, the animal was 

sacrificed by exsanguination. A pressure transduccr (St3tham, model 12174) 

connected to a high gain amplifier (Hewlctt Packard carrler amplifier, mvdel 

8805A) was attached to the tracheal cannula and a bllateral pneumothorax was 

performed by puneturing the diaphragm where iL inserts into the ribcage 

bchind the sternum. The l~ngs collapse sliCht1y against a closed airway and 

the tracheal pressure developed refleets the pressure due to the el.lstic 

reeoil of ,the lung at its functional residual capaClty (Pl rRc \.w'he n a 

steady record of pressure \Jas obtained, the lungs were allowed to collapsf'. 

o 
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the ribeage was opened and the lungs were disseeted away from the heart and 

The trachenl cannula was repositioned so that it en~ed within 3 cm ) rembved. 

of the carina and was then fixed in position using surgieal thread and 

adhesive. This step maintained an approximately constant traeheal length in 
\ 

all piglet lung preparations and minimized the contribution of the trachea 

to the total flow resistanee of the lung. The lungs were then washed in a 

physiologieal saline solution (0.9gm% NaCl in dist~lled water) at room 

tempe ra turc (22-24 0 C) and placed inside the plethysmograph. Statie and 

dynamie Pressure-Volume (P-V) curves were obtained from the lung suspendcd ~n 

air and immerseù in saline. The shape of the lung under these conditions 

will be rcferred to as. the undeforméd and deformed condition, rcspectively. 

The experiments were performed at room temperature. All variables 

were recorded on a multichannel pen recorder (Gould, model 260). At the end 

of the experiment, wet lung weight was determined using an analytical 

balance (Voland, model 220 D). 

PRESSURE-VOLUME HEASUREMENTS OF EXCISED LUNGS 

Figure 2.1A is a sche~atic of the apparatus used to obtain P-V curves 
\ 

of the isolated lung in air. The lungs were suspended vertieally in the 

plethysmograph from the traeheal cannula which was open to the atmosphere 

(valve l open). Pressure w1thin the plethysmogragh,P
B, was recorded using a 

pressure transducer (Statham, model 12174) connected to a carrier amplifier 

(Hewlett Packard, model 8805A). Transpulmonary pressure (-P) and 
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TABLE 2.1 PHYSICAL CHARACTERISTICS OF EACH PIGLET 

Piglet Age Body Wt. Ll.log Wt Pl Il 

No (days) (g) (g) (cm 1120) (mm) 

'. 
l 6 5 2370 .5 91 1 8 70 

2 7 0 201,0 6 1,5 9 rU! 

3 6 0 1115 3 73 l 8 \'fi 
.... 

4 5 0 2320 7 89 Î 9 BO 

5 2 0 1130 4 75 2 5 BS 

6 7 0 1250 Il Id Î ') BII 

7 6 0 2l,00 7 50 1 7 6] , 
Physieal eharacteristies of the piglets used to study lunr, 

deformation Pl, the quasi-statie reeoi1 pressure of thp lunr, 

at its funetion~l residual capae i ty (FRC) . Il, tl1(> leneth of 

the saline immersed lung 

• 

.. o 
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FIeURE 2.1 A schernatic of the apparatus that"" was used to de termine 

the effect of deformation upon the rnechanical prope~ties of the isolated 

piglet lung. Air (A) and a saline (B) filled plethysrnographs were used to 

- obtain the pressure-volume characteristics of the undeformed and deformed 

lung, respectively. P Il' plethysmograph pressure; PT .tracheal pressure; 

EEP. end-expiratory pressure; V. flow; V T' tidal volume. 
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lung volume were inereased by withdrawing air from the plethysmogrllph intu .1 

100 ml syringe, with valve 2 closed To obtain a <; ta t ie P- V eurve of the 

piglet lung in air, lung volume history was first standardized by inflilt i Ilg 

the lung three times to a transpulmonary pressure of approximately 25 CIII Il, 

° Following the t-hird inflation to 25 em 1120' the lung was slowly ÙPf!.ltcd 

until transpulmonary pressure was equal to Pl,'CR Whcn a stcady, sLat(' 

record of pressure was observed, the Iung was inflated in s teps by 

wi thdrawl.ng equal volume inerements of air [rom", the plcthysmograph inLo the 

syringe at 10 s intervals Once transpulmonary pressure reached 20 - 2'.> cm 

HlO, the lung was deflated ln the same fashion, now adding equal VOlllIllC~ oi 

air to the plethysmograph at 10 s intervals until P B cqualled 1'~'I!C 

Three statie P-V curves of the lsolated lung_ in air were obtaincd 111 Lhu. 

manner Volume inercments were read directly from the !:.yrinr,e and correcLcu .. 
for gas compression 

The dynamic compliance of the lung in air was determined il1 the 

following way The plethysm~graph was opened to the aLmospherc (valve 2 l~ 

open) and the lung was ventllated (Harvard Apparatus, model 260) aL ,\ 

cons tant frequency of 20 ,cycles pel." minute, Transpulmonary pressurl' und<, 1-

these conditions is everywhere equal and was recorded as a change in 

tracheal pressure (PT)' Flow (V) and the change in lung volume (V ) wefc 
T 

obtained from a Fleisch type 00 pneumotachograph connected to a differenLial 

pressure transducer (Hewlett Packard, model 270) and respirlltory lnLcgraLor 

HewIett Packard, model B8ISA) and the end-expiratory pressure wa5 set at 

PIFRe by adjusting the height (h) of the bubble regulator connected to the 
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< expira tory Hne of the ventilator. The stroke volume of the ven.tilator was 

adjusted to provide an end- inspiratory pressure of 20 cm H20 Pl" ior to cach 

maneuver, lung volume history was standardized by three inflations to 

approximately 25 cm H20 For each record , PT' V ànd V
T 

were recorded 

for after about one minute Ilt constant end-expiratory and end-insplf-8tory 

pressures 

PRESSURE- VOLUME MEASUREMENTS OF THE IMMERSED LUNGS 

Figure 2 lB lS a schematic of the apparatus used to obtaln P-V curvé5 

of the lung immersed in saline Because the air filled lung is buoyant the 

_plethysmogrllph was carefully inverted then filled with saline A 5mall 

, 
diameter tube extended to the top of the plethysmograph and was used to 

c eliminate any trapped air that occurred during filling (valve 4) With the 

lung completely immersed, the hydrostatic pleural surface pressure gradient 

exerts unequal pressure along the height of the lung. )n order to construct 

P - V cu'rves, the mean transpulmonary pressure in the presence of the gradient 

had to be estimated. This was accomplished by measuring pressure., P 13 

within the plethysmograph with a fluid filled pressure transducer 

(Hewlett-Packard, model 1280C) adjusted to the middle height of the lung 

The hydrostlltic pressure at middle lung height is the mean pressure exerted 

by the gradient upon the lung and consequently, changes in transpulmonary 

pressure at this level represent changes in the mean transpulmonary pressure 

in the presence of the gradient To obtain a single static P-V curve of the 
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lung, midlung height was determined at PlrRC and at a transpulmonary 

pressure of 20-25 cm H20 using a transparent ruler fixed to one side of the 

plethysmograph. The change in lung height between corresponding lung 

volumes was less than l cm and th~evel of the saline transducer was set at 

the mean of the two height measurements. Because the change in he ight was 

sma1l, the error in the computation of mean transpulmonary pressure due to 

changes 'in middle lung height was less than 0 5 cm H20. Lung volume history 

was standardize~ bj three inflations to approximately 25 cm "20. Following 

the third inflation the lung was 510wly deflated to PIFRC - When a 

constant record of pressure was obtained the lung was inflated in 5tep5 

withdrawing equal volumes of saline from the plethysmograph with the syringe 

" at 10 s lntervals until a mcan transpulmonary pressure of 20 - 25 cm "20 was 

reachcd. Then the lung was deflated by adding equal volumes of saline to 
<1" 

the plethysmograph at 10 s j ntervals. Unlike the statie P-V curves of the 

lung in the air plethysmograph, the saline filled system requires no 

correc tion factor; the volume read direetly from the syringe is exac tIy the 

volwne change of the ll.lng. Three separatc P- V CUrves wcre obtained in this 

manner. 

To measure the dynamic compliance of the salinc-immersed lung, enough 

saline was introdueed into the plethysmograph to immerse the lung, leaving 

an airspaee ab ove the long open to atmospherie pressur~ through valve 2 

This was neeessary to allow room for the saline displaced by the change in 

lung volume during eaeh cycle. As a consequence of this airspace, the 

hydrostatic pressure exerted on the lung was cverywhcre gr8:lter 
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th ah atmospheric pressure This was not the case of the completely filled 

system used to determine the static P-V curve of the lung where .. at mid 

lung height, pressure ~as subatmospher~. To correct for the added 

pressure, the end- expiratory load (h) was adjusted using the bubble 

regulator until it was equal to the sum of PlFRC and ,the hydrostatic 

pressure at middle lung height. The stroke volume of the ventilator was 

similarly increased untll end- inspiratory pressure was equal to 25 cm H20 

plus the hydrostatic pressure at middle lung height \Ji th these 

adjustments. the mean transpulmonary pressure during each Gycle ranged 

from Pl FRC to 2S cm H2 0 The error in mean hydros tatic pressure introduced 

by the upward displacement of saline was approximately 0 5 cm ~O at a 

transpulmonary. pressure of 25 cm H2 0 and was neglected For each dynamic 

P-V measurement of the saline imlnersed lung, volume history was 

" 
standardized by three inflations to 25 cm l-S0 and PT • V and V

T 
were 

recorded for approximately one minute 

In order to evaluate the effect of fluid inertia upon the dynamic lung 

compliance the experiment was repeated with a balloon subs ti tuted for the 

lung Figure 2 shows an example of the dynamic inflation P-V curves of the 

balloon under the two conditions. At the peak pressure a small but 

significant (approximately 10%) increase in the compliance of the balloon 
..... 

was observed. The significance of this difference with regard to the lung 

wUl be discussed in the section devoted to RESULTS 
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FIGURE 2 2 Dynamic: pressure-volume (P -\1) behavior of li bnlloon in 

air (open symbols) and immersed in saline (clnsed symbols) ventilnted at 20 

cycles per minute Symbols represent the mean of three trials and the oars 

represent one standard deviation When the standard deviations are very 

small, they have beeo omitted for clarity 

o 



o 

2-13 

CALCUL\TION OF STATIC AND DYNAMIC COMPLIANCE 

Statie and dynamic P-V curves are eon~rueted from the lJlean values of 

transpulmonary pressure and volume from thre~ trials. Dynamie compl iance 

(Cdyn) was measured as the ratio of the change in lung volume to the change 

in pressure between PlFRe and the transpulmonary pressure a t the end of 

inflation (zero fIow). The statie eomplianee (Cstat) of the deflation 11mb 

was measured as the change in lung volume per unit change in transpulmonary 

pressure betwe~ PIFRe and 15 cm H20. Inflation limb statie eomp11ance is 

the ratio of the change in lung volume to the change in pressure between 

PIf Re ànd a transpulmonary pressure equi valent to the pressure at 

end- inspiration during dynarnic ·ventilation. In this manner, statie and 

dynamie complianee could be compared over the sarne range of transpulmonary 

pressure. The Student' s t- test ",as used to deterrnine if differences between 

groups of data were signifieant; a significant difference was defined at a P 

value <0.05. 

RESULTS 

The mean values of static and dynamic compliance for eaeh piglet lung 

studied are presented in Table 2.2. 

In Figure 2.3 are shown P-V c\Jrves obtained from a single isolated 

piglet 1ung. On the 1eft are the statie P-V curves and on the right are the 

inflation 1 imbs of the dynamic P- V curves for the undeformed (continuous 
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0 TABLE 2.2 STATIe AND DYNAMIC MEASUREMENTS OF COMPLIANCE IN 

--
DISTORTED (IMMERSED) AND UNDISTORTED (AIR) LUNGS 

Piglet Cstat (Deflation) Cs tat! [Inflation) Cdyn 
No. (ml / cm H2O) (ml/cm H2O) (ml / cm II~O) 

Air Immersed Air Immersed Air Immerspd 

l 1. 65 l. 89 2 06 0 80 
(0.05) (O,l l l) (0 0/1) (0 01) 

2 2 46 2 30 2 09 1 ,~ C) 

(0.26) (0.30 ) (0 09) (0 07) 

3 4 25 2.68 2.70 l 92 2 17 1 5B 
(0.03) (0.02) (0 09 (0 05) (0 04) (0 05 ) 

4 2 09 2.15 1 43 l 67 1 07 0 93 
(0.08 ) (0,02) (0 16) (0 07) (0 02 ) (0 00) 

5 3.86 3 82 2 67 3 01 2 48 l 92 
(0 05) (0 15) (0 0:') (0 03) (0 03) (0 02) 

6 4.92 4.21 3 07 3 1~2 2.51 2 . MI 

0 (0.26) (0.40) (0 11) (0 05) (0 03) (0 al.) 

7 5.12 4.50 ). 17 3 21 3 03 ~35 

(0.40) (0.03) (0.00) (0 04) (0 00) (0 00) 

Mean 3.48 3.08 2<161 2.65 2 20 1 64 
S.D. 1.40 1. 07 0.69 0.80 0.60 0.64 

Mean (n-3.,) values of the quasi-static (Cstat) and dynamic (Cdyn) 

compliance of iso1ated pig1et lungs + 1 Standard deviation i5 

given in parentheses 

o 



( 

\ ' 

( 

2-15 

line) and deformed (dashed Une) lung. Little or no change occurs in the 

. statie P-V eurve when the lung is deformed In contrast, there 1S a marked 

'. 

reduction in the slope of the dynamie P-V curve of the deformed lung 

The ~ resul ts obta~ned for each p~glet are presented ~n .the identl ty plots of 

Figure 2 4, where the eompliance of the de[ormcd lung (x-axls) 1S plotted 

against the compliance of the undeformed lung (y-axis) Most of the Cstat 

values (top panel) lie on or near the identity line indieating that Cstat is 

simi lar under the twô conditions regardless of whether inflation or deflat~on 

values are used Indeed ", the ratio of Cstat in air ta Cstat in saline is 

not signifieantly -different from unit y (Table 2 J) In eontrast. an 

apparent difference in Cdyn occurs between the deformed and undeformed lung 

(Figure 2 4, bottorn panel). In this plot, a11 of the experimental points 

lie to the left of the identity line, indicating that Cdyn "'as greater in 

the undcforrned lung than in the defonned lung. In fact, the mean ratio of 

Cdyn in air to lts value in saline was 1.44 and was s igOlficantly greater 

than 1.0 (Table 2.3) Dynamic compliance of the newborn p 19let lung was 

therefore reduced by deformation, with the mean dynamic compliance of the 

1 saline immersed lung being 69% of the value obtained from the undeformed 

lung. Since the saline immersed balloon exhibited a small increase ln its 

dynamic camp liance caused by the inertia of the surrounding fluid (Figure 

2 2), and assuming that the inertia of the 5urrounding flUld has an 

equi valent effect ,upon the saline 1mmersed lung, then the dynamic compliance 

of the de[ormed lung 1s actually sl1ghtly less than observed. 

In Figure 2.5, Cdyn is plotted against Cstat for both undeformed and 
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deformed lungs All of the points are to". the 1eft of th(' ldentity 1 ilH'. 

indicating that th~ Cdyn is less than Cstat IndeNi. th(' rnt 10 of 

Cdyn/Cstat is significantly less th an unit y in both éonditlons (TllhlC'~. J). 

It is al 50 apparent that the points representing vlllu('s ohtlllnecl fl-orn tl)(' 

deformed lung are shifted slightly more lE'ftwCVd th{1n tlw po i nt Ci 

representing the undeformed lung. lndicating that the dlfferpnc(' hptw('PIl 

Cstat and Cdyn is increased when the lung 15 de[ormcd Slncp Cstllt dld not 

change appreciably. thls was due princlpally to the dlf[('rpl1c(> ln Cdyn 

r.., 
between the two states 

DISCUSSION 

.. 

lJhen the lung is immersed in saline it 15 de[ormct\ by thp comhln.lt!oll 

of a hydrostatic surface pressure gradient and buoyancy causpù by t hl' 

displacement of saline Buoyancy exerts an upward direct('d [o'-CI' lh.'lt \ '1 

transmitted directly to the bronchus and trachea The magnitude of thl., 

force depends upon lung volume and varies througnout each statie And dynllmic 

maneuver The pressure exerted by the hydrostatic gradient nets 

perpendicular to the surface of the Iung and can be resolvNI lnto il 

horizontal and verticlll component The horizontal componpnt of thl' p,rlld\ent 

increases continuously towards the ba3e of the plethysmogrnph llnd comprl'c;sC's 

the lung towards lts central axis The degree to which the 1 \1 11 p, \., 

compressèd increases with depth and causes the shape of the lune to tnp('r 
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towards the traches The direction and magnitude of the vertical component 

depends upon the shape of the lung and distance below the surface of the 

saline. It is large and directed upwards in the lower regions but decreases 

towards the top of the lung where its direction is reversed The magnitude 

of the downward directed vertical compo~ent is small in the partially filled 

plethysmograph where the top.of the lung is betw~n 0-1 cm below the surface 

of the saline but it is sub~antially increased in the completely fi lIed 

plethysmograph 

Isolated lungs suspended from the trachea have been shawn to p'pand 

uniformly and isotropically (D'Angelo, 1970) T~e pleural surface gradient 

along the saline immersed lung generates regional differences in 

transpulmonary Rxessure that prevent homogeneous inflation of the lung 

Consequently, volume expansion ts greatest in the upper regions wher~ 

transpulmonary pressure is more positive and decreases towards the lower 

regions. 
t 

The transpulmonary pressure at any point along the lung can he 

estlmated if the height of the lung and the mean transpulmonary pressure are 

known The average height of aIl of the saline immersed piglet lungs was 81 

mm and the mean PlFRe was 2 1 cm H20 (Table 2.1). Therefore, the average 

piglet lung was exposed to an estima~ed range of transpulmonary pressures 

between 6.2 (uppermost regions) and -2.0 cm H 0 (lowermost regions) 

Negative transpulmonary pressure in the lowermost regions of the lung 

encourages the collapse of airways and alveoli This is espeeially true in 

the newborn where collapse of airways occurs at a proportionally larger 

volume than in the young adult (Bryan et al., 1977) Furthermore, the 
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transpulmonary pressure associated with airway closure (closing pressure) is 

less positive th an the pressure required to reopen closed Airwnys (or~ning 

pressure) (G1aister et al , 1973) As a result of airway collnpse, tlll> 

inflation limb of the statie P-V curve displays a decrcas~ in slore hctwe~n 

PlpRC and 10-15 em H20 aecompanied by a prominent inflect ion or' kn('~' in 

the curve near 10-15 cm H20 signifying a substantinl incren~e in nLrwny 

recruitment (Bachofen et al , 1975 and Glaister et al., 1973) If 

substantial airway and alveolar collapse occu'rs in the piglet lung tla'n tl1P 

p-v behavior of the lung should exhibit the characteristics of nirwny 

closure and reduced lung volume A decrease in the slope of the P-V curve 

does not occur in the saline immersed piglet lung over nny part of lt~ 

inflation limb and no distinct inflection point is visihle 

that the piglet lung is able to resist airway closure Rnd volume 10s~ OUP ro 

alveolar cotlapse when exposed to negative transpulmonary pressure 

Similar hehavior has been observed in the adult lung (Cavagna et nI , 19&7) 

The pleural surface gradient that occurs in the intac t thorax f <, 

inversely proportional to body size (D'Angelo, 1970) For ndult mnmmnls 

approximately the same size as the newborn piglet, that i~, somewhere 

hetween a rabbit and a rat, the overall gradient of p:eural pressure i~ 

between 0 73 and 0 88 cm H2 0 / cm (Agostoni, 1970) Assuming the r,rnd lent 

in the newhorn piglet follows the same inverse relatlonshlp with hody slze, 

then the magnitude of this gradient lies between these two values In tbis 

perspective, the hydrl>~tatic gradient imposed upon the saline immerscd lung 
Î 

is larger than the gradient expected in the intact thorax hy ahout 14 to 37 
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percent but it is within the same order of magnitude. The pleural surface 

pressure along the saline immersed lung, however, increases towards the 

trachea which is different from the direction of the gradient observed in 

vivo. The question arises whether a legitimate comparison can be made of 

the isolated lung of the newborn piglet and the lung of the newborn infant 

where distortion most likely occurs in the caudal regions by changes in the 

shape of the rib cage. It is of interest to note that the degree of volume 

redistribution in ,isolated lung lobes of mongrel dogs appears to he 

independent of the orientation of the impo5ed gradient, (Murphy et al , 1983 

and Gillet et al., 1981). This is duc to the fact that the re5ponse of the 

lung to nonuniform deformation i5 determined by its elastie properties WhlCh 

are independent of the imposed forces that generate deformation (Lai-Fook et 

al., 1976; 01son et al., 1983) 

The static compliance of the lung at a mean transpulmonary pressure of 

20 cm H20 1s not affected by deformation regardless of whieh limb of the P-V 

curve 1s used in the calculation of comp1iance. Assurning that the regional 

mechanical propert1es of the piglet's lung are similar as demonstrated in 

kitte~ (Mortola et al, 1984), one ~ould expect that the decrease in 
~ 

compliance of the most inflated regi~ns of the deformed lung might d~crease 

the mean compliance of the entire lung. The observation that the static P-V 

characterist1cs of the deformed lung do not substantially deviste from those 

of the undistorted 1ung was noted by Murphy et al. (1983) in experiments 

perfoDmed on isolated lobes from, the lungs of adult dogs. Lobe deformation 

o 
was aceomplished by immersion in saline and regional differences in volume 
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were recorded using l33Xe and radioisotope counting techniques. The 

experiment demonstrated that the differences pn regional volume generated by 

immersion were less than predicted from a pleural surface pressure gradient 

of l cm H20 / cm and the P-V curve of the uniformly inflated lung 

Alternatively, the redistribution of regional volume in the deformed loue 

followed the pattern expected if the pleural surface pressure gradient was 

0.65 cm H20/ cm. Murphy et al. (1983) concluded that the more homogeneous 

distribution of regional volume in the deformed lung was due ta substantial 

mechanical interdependence between regions. Consequently, the over

expansion of the upper regions of the lung is redueed through its 

interdependence with the lower, less expanded regions For the lower 

regions, where transpulmonary pressure may be negative, airway collapse lS 

limited by the influence of the more inflated part of the lung 

Dynamic lung compliance is approx1mately equivalent to statie 

eomp1iance in the adult 1ung (Murray, 1976) but it is signifieantly less 

than the static value in newborn kittens (Mortola et al , 1984a), 1ambs 

(Sehaffer et al., 1978) and in the piglets used in the present study (Figure 2. 

5). A possible mechanism underlying the decrease in dynamic compliance is 

the viscoelastie behavior of the lung. Lung viscoelasticity ts a property 

of the par~nchyma as well as the surface-active material at the air-liquid 

interface and is responsible for stress relaxation, creep, and sorne part of 

the hysteresis in the pressure volume curve (Horie and Hildebrandt, 1971, 

Sugihara et al , 1972; Sqarp et al., 1967; Lorino et al , 1982) 

Hildebrandt (1969~ determined that the viscoelastieity of adult cat lungs ts 
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responsible for a significant decrease in the compliance of the lung with 

increasing freq~ency but concluded that its contribution to dynamic 

compliance is mlnor compared to that of flow resistance Although the 

vlscoelastic properties of lung tissue were found to be relatively constant 

in huma~ subjects between 18 end 88 years of age (Sugihara et al , 1972), 

It 15 possible that changes in the viscoelastic characteristics of lung 

tissue occur in the very young lung and may contribute substantially more 

than in the adult lung to the difference between dynamic and static 

comp1iance 

We found that dynamic lung compliance was further reduced with 

deformation This can be due to factors that affect lung compliance or 

increase airway resistance The dynamic behavior of each region of the lung 

is gover~ed by its respiratory ti~e constant wh(ch Is the product of total 

resistance and compliance of that region (Otis et al ,1956) Large 

differences between regional time constants will produce asynchronous 

ventilation and a dynamic compliance that decreases with increasing 

frequency. In the isolated adult lung regional differences in airway 

resistance and compliance are small and generally considered to be 

insignlficant The homogeneous ventilation of aIl regions of the isolated 

adult lung indicates that the time constants of these regions'are similar 

Synchronous behavior of adjacent regions is encouraged by interdependence, 

collaterai ventilation and a peripheral airway resistance that contributes 

only a small fraction ta the total airway reslstance (Macklem, 1971) 

Regional differences in ventilation do occur in the adult lung in situ 

----~--~--------.-----
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presumab1y due to deformation produced in conforming to the shape of the 

thorax. However, the differences in the dynamic behavior of individual 

regions is not great enough ta produce a significant change in the 

comp1iance of the 1ung over the normal range of breathing frequency 

Murray, 1976). ~lthough no systematic changes have been found in the 

dynamic behavior of the separate lobes of the kitten lung (Mortola et al , 

1984), no data are avai1ab1e concerning the mechanica1 properties of 

intralobu1ar regions, particularly of the lung within the intact thorax. 

Pleural surface pressure gradients are postulated to shift the P-V 

characteristics of each region of the lung a1on~ the P-V curve for the 

entire lung, generat~g a distribution of compliances (Milic-Emili et al 

1966) Although the model of regiona1 ventilation basad upon this 

postulate does not account for interdependence, regional differences Ln 

compliance may augment the differences in time constants caused by an 

increase in flow resistance (Vest, 1979). 

Uniforrn ventilation of adjacent regions within the lung has~een shawn 

to depend upon the presence of collateral channels of ventilation in the 

adule pig and dog (Menkes and Traystman, 1977) The lung of the adult pig_, __ 

for example. is characterized by extensive intralobular septa and few 

collateral channels and its dynamic campliance appears to be more sensitive 

to obstruction of peripheral airways than in the adult dog or man which have 

well estab1ished collateral channels (Menkes and Traystman, 1977) Since 

the newborn piglet mast probab1y also lacks functiona1 collateral channels, 

this characteristic may have contributed ta the reduction in the dynamic 
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compl1ance of the lung when it was distoJted by immersion in saline. 

lntra-alveolar pores are absent in the lung of the infant at birth but 

increase-in size and number with age (Menkes and Traystman, 1977). lt is 

reasonable to expect, therefore, that the dynamic behavior of the lung of 

the newborn infant may bo ~Lm~larly affected by changes ~n the ca11ber of 

peripheral airways as the newborn piglet. 

Hogg and his associates (1970) determined the conductance of the lower 

airways in infants and older SL.bj ects and concluded that the peripheral 

airway resistance of infants contributes more to the total flow resistance 

than found in adults. Consequently, the dynamic behavior of the newborn 

lung is more sensitive to changes in peripheral resistance. Flow through 

peripheral airways is approximately làminar and, therefore the resistance, 

~ 
described by P01seu111e's equat10n 1 1S 1nversely proportional to the fourth 

power of the airway radius. Hence a relatively small decrease in airway 

diàmeter will produce a large increase in flow resistance. The lower 

regions of the saline immersed lung are considerably compressed towards 

trachea and a reduction in their volume due to compression may decrease 

caliber of the airways. The resul'ting increase in flow resistance will 

affect the ability of the region to expand synchronously with adjacent 

reg~ons. In addition, the higher distending pressures across the airways of 

the upper regions may increase their diameter, shorten the time constant of 

the region, and further encourage asynchrony in the lung. 

For the lung within the intact thorax, the tension across the tracheal 

~ 

bifurcation 1s almost zero in dogs and rabbits (Miserocchi and Agostoni, 
~ 
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, 

o 1973). This contrasts with the tension generated when the 1ung is immersed 
c 

by anchoring the trachea to the bottom of the plethysmograph. Since the 

trachea is an e1astic structure, stretching the trachea a10ng its length 

will result in a reduction of its internal diameter (Poisson ratio) This 

may alter the flow characteristics of the upper nirways from predominantly 

laminar to predominantly turbulent and may cause a reduction in dynamic 

compliance. Since the probability of turbulent flow decreases towards the 

periphery, one may exp~ct that the major siee of turbulent tlow to be the 

large airways. To minimize the contribution of turbulent flow caused by 

narrowing of the upper airways, the average flow generated during periodic 

ventilation was minimized by ventilating the lung at low frcquency (20 cpm) . 

The transition from laminar to turbulent flow in a straight pipe model of 

the trachea depends upon the velocity, of flow and the diameter of the pipe 

At a ventilation frequency of 20 cpm and a tidal volume of 50 m', the mean 

flow during inflation is about 33 ml/s. At 760 mm Hg, the density of air is 

3 . 
about 0.00113 gm/cm and lts viscosity is lf.~0188 poise and 50 conditlons for 

turbu~nt flow (Re - 2000) will exist only if,the internal diameter of the 

pipe is l~ss than 1.3 mm which i5 about one fifth of the diameter of the 

trachea in a newborn piglet (Morto1a and Fisher, 1980). Although the 

prediction of turbulent flow may only approximate the flow behavior of the 

trachea, ie suggests that nonlinear pressure-flow properties are likely not 

important factors in reducing dynamic compliance below the correspondlng 

static value at low frequency. 

The substantial distortion of the chest wall that occurs durlng 

o 
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spontaneous brcathing in th~ newborn causes uneven distribution of local 

pleural pressure and leads to regional variation in volume (i.e lung 

deformation) (LcSouef et al., 1976). The results of this study demonstrate 

that the compliance of the newborn lung is substantially reduced by 

deformation Chest ..... all defornation increases' not only the internal but 

also the external (P-V) work of breath1ng. Moreover, to the extent that the 

reduction in dynamic compliance 1s due to inequallties in peripheral time 

cons tants, deformat ion like ly worsens the dis tr ibution of ventilat ion, 

during maximal chest wall distortion, the degree of oxygenation of the blood 

is reduced, presumably due to'regional inequa1itles in the V/Q ratio 

aCCbmpanying lung deforma~ion (Martin et al , 1979) 

In the spont anecus 1y breathing ln fan t the mechan l cal tlme cons tan t 

of the resplratory system IS SubSLlntial1y 1ess than expected from passive 

measurcments (~'ortola ct al .• 1982). Several factors have been postulated 

to account for thi s dl ffcrcncc Includlng vaga 1 control of respl ratory 

output anJ the mechanlcal propertles of the resplratory muscles. The Jlff

crcncc uetween statlc anJ dynamlc compI1ances of the newborns' lungs may 

be rcgarJeJ aS.1n addltlOnal [êlctor contrlbutln<] to the decrcase ln t.he 

dynamlc tlme constant of the resplratory system, partlcularlv dunng lung 

dcformatlon. 
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SUM1'1ARY 

Static (Cstat) and dynamic (Cdyn) lung compliance anci lung stress 

relaxation were examined in isolated lungs of newborn ki ttens and adul t 

cats Cstat \Jas determined by increasing volwne in increments and recordlng 

the corresponding change in pressure and Cdyn was calculated as the ratio of 

the changes in volume to transpulmonary pressure 'between points of zero flow 

at ventilation frequencies between 10 and 110 cycles per minute (cpm) Lung 

volume history, end- inflation volume and end-deflation pressure were 

rnaintained cons tant. At the lowes t frequency of ventilation, Cdyn was less 

than Cstat, the difference being greater in newborns. Between 20 and 100 

cpm, the Cdyn of the newborn lung rernained constant whereas the Cdyn of the 

c adult lung decreased after 60 cpm. At all frequencies, the rate of stress 

relaxation, rneasured as the decay in transpulmonary pressure during 

rnaintained inflation, was greater in newborns than in adul ts. The frequency 

response of Cdyn in kittens 1 together with the relatively greater rate of 

stress relaxation, suggest Chat \rtscoelasticity contributes more to the 

dynamic stiffaning of the lung ln newborns than in adults. A theoretical 

treatment of the data based upon a linear model of viscoelasticity supports 

this conclusion. 
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INTRODUCTION 

Studies in infants (Olinsky et al , 1976) ann on isol..tf'd prf'pnrat tom, 

from kittens (Mortola et al ,19R411) and piglcts (Sullivnn nnd MonoLl, IfJH'l) 

have sho\o1T1 that the dynamic compliance of thi' newborn IUII?, lS 1('"" th,l1\ it" 

statie compltance This is contrary ta "the dynnmic hf'hnviol- of t hl' .!(hil t 

lung in which static and dynamic compliances are npproximntf'ly P("{tlil! OVt'\ 

the normal range of brea thin~ frpCluenc ips (Mncklpm, 1971) /\ d (' r 1 P n '. (' 1 Il 

the -dynamic campi iance 0 f the ncwborn hmE mny bp C.,u",d hy t wo mt'cll.l1\ 1'.111', 

The ftrst mcchanism involves .ln lncrease in peripllf'ral ,1l\W,'y r('<,l',{.lll«· .1', 

described in patiepcs suffet"tng, from pulmonnry oh<;tructlvP di.,or(!t·r'. 

(Woolcock et al , 1969) In these patients, the hl!',h flow rp'.[<;LIIH'P of tll!' 

peripheral airways generates substantinl non-uniformitip<; ln n'f,ion,ll tll1l(' 

J constants and leads to freCluency dependent abnormal itie!-. Ln the ct[~t 1 [hut !on 

of ventilation (Ingram and Schilder, 1967, Otis et al ,195(» A 

distinguishing [eature of this mechanism is that once dynnmic compl i<11\('(> ~ 

falls below static compliance, its value dcpe"!~ primanly UpOIl r-Il(' rollp nf 

flow and will decrease continuously as tltp flow rilte incn}[l'>p<; W t t Il rp ,',.1 ni 
, 

to the lung of the newborn, differences in periplteral airwny rp<;!<;tnnrp 

may be due ta the presence of pulmonary fluid, primarily within tlt(' f!r<,t 

few postnatal hours, or to deformation of the lung within the reInt Ivply 

compliant chest wall (Sullivan and Mortola, 1985) Furthermore, <;inrp 

peripheral airway resistance constitutes a larger proportion of totnl nlrwny 

resistance in the newborn than in the adult (Bryan et al , 1977, Polp,ilr nnc! 

o 



3-4 

( Weng, 1979), one may expeet that the dynamic complianee of the newborn lung 

is more sensitive to changes in peripheral airway resistance than in the 

adult 

The second meehanism that may account for the difference between 

dynamic and statie compliance in the newborh involves the viscoelastic 

properti~s of the lung Lung viscoelastieity is a property of, the 

parenchyma (Fukaya et al , 1975) and of the surface-active layer at the 

. 
air-liquid interface (Horie and lIildebrandt, 1972) and is responsible for 

stress adaptation (Hughes et al ,l~59, Sharp et al , 1967, Lorlno et 

al , 1982 ), creep (Van de Woestijne, 1967) and some of the hysteresls of 

the pressure-volume curve (Sharp et al , 1967, IIi Idebrandt, l.q t>'J a 1 Lonno 

eS al, l 9 8 2 ) In adult cats, lung viscoelasticity was reported to cause a 

decrease in dynamic compliance of approximately 10 % as frequency increased , 
from 0 2, to 2 Hz (Hildebrandt, 1969a). Unlike the first mechanism where 

dynamic compliance falls progressively with increasing frequency, the 

viscoelastic properties of the lung of the adult cat caus~d a relatively 

large decrease in dynamic compliance at low frequencies followed by much 

smaller reductions in compliance as frequency increased 

In chis study, we have examined the effect of ventilation frequency 

upon the dynamic compliance of the lung of newborn kittens and adult cats in 

order to deter~ine which of the two mec~anisms is primarily responsible for 

the difference between static and dynamic compliance in the newborn animal 

The mAgnitude of lung viscoelasticity at each frequency was assessed by 

determining the rate of stress relaxation Stress relaxation is a 
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particular fom of stress adaptation and refers to the time and volume 

dependent decay in transpulmonary pressure following an increase in volume. 

The contribution of viscoelasticity to the dynamic mechnnical behavior of 

the lung was demonstrated using a simple model of viscoelasticity From 

this model we have developed an empirical equation to describe the effect of 

maintained lung inflation on the time course of passive deflation. 

METHODS 

Experiments were performed on 2 - 3 kg adult cats une 80 - 190 g 

newborn kittens within the first week of postnatal life Animals were 

anesthetized with sodium pentobarb~tal (30-35 mg/kg. i.p). tracheotomi::cd 

. 
and cannulated. The femoral vein was exposed and thp animal was sacrificed 

with an overdose of sodl.Um pentobarb~ta1 injected intravenously. Bilaternl 

pneumothorax was performed by puncturing the diaphragm st Lts substernnl 

insertion and the lungs were allowed ta collapse The rib cage WclS th~n 

~ 

opened and the lungs were dissected away from the heart and removed. 

Figure 3.1 is a schematlc of the apparatus used to determ~np the 

pressure-volume characteristics of the excised lung. suspended by Lts 

tracheal cannula. The system between the tracheal cannula and valve was 

tested for air leaks before and after each experiment by connecting B 

syringe to the cannula, pressurizing the system to 20-30 cm H.p and 

monitoring the pressure for 45 to 60 seconds. A decay of 0.2 cm H~ or 
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E E P 

REGULA TOR 
VENTILATOR 

FIGURE 3 1 A schematic of the apparatus that IoTas used to determine 

the dynamic compliance of exc ised lungs of ne""born 

ki ttens and adul t ca-ts V, respiratory 00",,; VT tidal 

volume; P, transpulmonary pr~ssure, EEP, end-expiratory 

p:-essure. 
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less over this Ume period in two separate tests was cons idered acceptab le 

Tests for leakage in the lung when connected ta the apparatus were 

confounded by the decay in pressure due ta stress relaxation. In arder 

ta assess ..,hether a leak was present in the lung, it wns inflated three 

times to a transpulmonary pressure of approximate1y 25 cm H
2

0 then the 

tracheal cannula was closed Changes in pressure were monitored for 90-120 

seconds during which the rate ..of decay due ta stress rE'lllxation wou1el 

decrease and approach an equilibrium value of between 15-20 cm IhO In the 

1 
presence of a leak, transpulmonary prp!>sure wou1e1 invnriably decreaqe ta 

below this value. If this occurred, either at the beginning or nt the end 

of the experiment, the lung was rejected Of a total of 10 adult ClItS nnd 

19 ne .... born kittens the lungs of 2 adults and 5 newborns .... ere reJected on 

this basis. 

AlI experiments were performed at room temperature (21-2 l l
o C) and 

variables .... ere recorded on a multichannel pen recorder (Gould model 260) 

For the lung of the adult cat, tracheal pressure was measured from il 

single side arro of the tracheal cannula connected to a dlff~rential pressure 

transducer (Statham model 15l81.) and flow .... as obtained from li Fle isch type 

00 pneumotachograph and differentilll pressure transducer (llewlett PlIckllro 

model 270). For the lung of the newborn kitten, a three side lIrm cannul., 

replaced the pneumotachograph and .... as useel ta record trachen1 prfssure nnrl 

f101ll. The dynamic charBcteristics of this pneumotachogrttph h.1Vt' heen 

described' else .... here (Mortola and No .... orllJ, 1983) The freC(uency response of 

the system ,including tracheal cannula, transducers and pneumotnchogrnph were 

o 
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determined through an x-y plot of flow and pressure on an oscilloscope 

BO,th newborn and adult systems exhibited no pha-se shifts over the range of 

frequency used in the experiment. Tidal volume was obtained by electrical 

integration of the flow signal (Hewlett Packard respiratory integrator model 

S8ISA) and tracheal pressure was displayed on two channels, one with a 

hlgher gain for greater resolution. Throughout the experiment, the surface 

of the lung was periodically molstened with a saline solution (0.9 g % NaCl 

in distilled water). 

The study was divided into two parts. In the first part, the lungs of 

4 newborn kittens and 4 adult cats were used to determine static compliance 

(Cstat) and dynamic compliance (Cdyn). Lung volume history was standardized 

by three inflations to a transpulmonary pressure of approximate1y 25 cm H20 

~ith the lung venti1ated at ap~oximately 100 cpm (adults, Harvard 

resplrator model # 665; newborns, New England Medical Instruments model # 

380.), end expiratory tracheal pressure was set at 4.5 cm H fJ in the adult 

lung and 2.5 cm Hp in the newb~ lung by adjusting the level (h) of the 

end-expiratory pressure regulator (Fig. 3.1). These pressures are slightly 

higher than the correspondlng pressures ~t functional residual capacity 

(Fisher and Mortola, 1980). The $troke volume of the ventilator was 
, 

adjusted to provide a change in transpulmonary pressure at end-inflation of 

S cm H2o. lJhen steady records of pressure and volume were obtained, 

approximately 20 complete cycles were recorded. The same procedure was then 

repeated at various frequencies between approximately la and 100 cpm keeping 

the integrated volume and end-deflation transpulmonary pressure constant. 
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Statie pressure volume curves were obtained by step inflations of the 

lung beginning at the same cnd-deflation pressure uscd to study the lungs' 

dynamic behnvior. For each statie pressure volume curve, lung volume 

history was first standardized by three inflations to 2S cm Hz.Cl then the 

lung wns inflnted in steps, bcbinning ench step from pnd dpflntion pressure 

At each vo] ume increment, the lung was inflnted four t imes wi th a grndullted 

glas,s syr:inge and at the end of the fourth inflation, the tr.:J.chea wns 

occluded and trnnsp1umonnry pressure wns recordcd for 15 seconds Lunr, 

volume at ench Increment wns corrected for compression using Boyle's law 

In all lungs, the magnitude of the correction was less than 3 % of the 

2 
chang~ in volume recorded from the syringe Three or four static 

pressure-volume curves were obtained in this manner for each lung. 

The second part of the study was designed ta assess the magnitude of 

lung viscoelasticity in the lungs of 10 newborn and 4 adult ents. The 

procedure was similar to that used in the first part to detcrmine Cdyn 

e~cept during three cycles nt each frequ~ncy, ventilation of the lung \oIas 

suddenly l.nterrupted at end-inflation by closing the tracheal valve for 

approximately three seconds (Figure 3.2). During this interval the decay in 

traeJ'eal pressure due to stress relallation wa~ recorded .. 

The duration of a single experiment, from the time the overdose was 

administered to the end, lasted approximately two hours and thlrty minutes 

Records were ~igitized on a graphies table t (Hew1e tt Packard !JUlA) 

and the data stored and manipulated in a mierocomputer (Hewlett Packard 85) 

for statistical analysis and graphie presentation. Dynamic'eompliance ~as 

2. See Appendix 1 
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P(Q) 
1 

P(10) 

1 

t-----~I 1s 

Record of the decay in transpulmonnry pressure following 

occlusion of the trachea at the end of inflation. P(O) is 
\ 

the pressure at the end of inflation (zero flow) and 

P(I.O) is the pressure remaining one second later. 
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o calculated as the ratio of the change in lung volume to the change in 

transpulmonary pressure between end- inflation nnd end-deflation points of 

zero f10w. Values at each frequency represent the mean of 5 ta 10 

consecutive breaths. Statie compliance was determined from the 

pressure-volume curve at the same volume set during dynamic ventilation 

The decay in transpulmonary pressure due to stress relaxation is presented 

as the rada of pressure st one second P Q 0) to peak pressure P (0) 

Tabu1ated data are presented as means and s tandnrd devint ions and the 

s ignificant differences between groups were determined us ine the paired and 

unpaired Student's t test. 

RESULTS 

o 
The values of Cdyn, Cstat, and Cdyn/Cstat for newborn and adu1t Cllts 

in the first 'part of this studY,are presented ln Table 3 1 and the frequency 

response' of Cdyn/Cstat for both groups is plotted in Fi~ure 3 J In both 

newborn kittens and adu11: cats, lung comp1iance appears to decrease rapid1y 
, 

at low frequency then more slowly as frequency approllches 100 cpm Thf> 

greatest difference between the two groups occurs at low frequenc ies of 

ventilation where Cdyn/Cst/lt for the lung of the newborn at 13 cpm is 0 62(.* 

( 

0.06 S .0) whereas for the lung of the adu1t, Cdyn/Cstat at 22 cpm 15 0 78 

(0.11). As frequency approaches 100 cpm, the ratios of Cdyn/Cstat become 

similar in both groups due to a gradUaI decrease in Cdyn of the lung of the 

o 
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TABLE 3.1 DYNAHIC AND QUASI - STATlC" COMPLIANCE OF EXCISED LUNGS 

G FROM NEYBORN KITTENS AND ADULT CATS 

VENTILATION FREQUENCY 

13 cpm 34 59 83 107 

AGE \Jt Cs-tat Cdyn 
(days) (g) (ml/cmH20) (ml/cm H20) 

NElJBORNS 4.3 146 0.41 0.25 0.22 0.22 0.21 0.21 
n = 4 (1. 3) ( 16) (0.15) (0.07) (0.06 ) (O. OS) (0.06 ) (0.05 ) 

.-'~ 

Cdyn/Cstat 0.63 0.58 0.57 0.55 0.53 
(0.06) (0.09) (0.12 ) (0.12 ) (O. 11.) 

P<O.Ol <0.01 <0.01 <0.01 <0.01 

VENTILATION FREQUENCY 

C 22 cpm 44 65 83 104 

ADULTS 2533 13.2 10.2 9.7 9.2 8.4 7.5 
n ::: 4 ( 375) (1.1) (1.7) (1. 4) (1.2) (1.1 ) (1. 2) 

~ 

Cdyn/Cstat 0.78 0.74 0.70 0.64 0.57 
(0.11) (0.08) (0.04) (0.07 ) (0.06) 

P<O.OS <0.01 <0.01 <0.01 <0.01 
, .... 

0 

Values are means vith standard deviations in parentheses. Cstat. 

quast!-static comp1Lulce ca1cu1ated from step inflations. Cdyn. 

dynamic compliance during periodic ventilation. 

o 
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FIGURE 3.3 Cdyn/Cstat is the ratio of dynamic to static compllance 

Upper trace (squ!fes), adult cats, Lower trace 

(circles) newborn kittens Frequency in cyc le's per 

minute (cpm). Data points are menn values for each group 

and bars are +1 S. D. 
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adult cat. Hence, a1though the decrease in 1ung compliance at 10 .... frequency 

15 greater i~ the newborn than in the adult, Cdyn of the adult lung appears 

more dependant upon fl'equency at higher frequencies. In contrast, Cdyn of 

the newborn 1ung remains re1atively constant between approximately 20-100 

cpm. 

The dynamic behavior of the isolated lungs was further examined by 

comparing the effect of ventilation frequency upon Cdyn for the H newborn 

kittens and 8 adult cats used in both parts of this study The frequency 

respo~se of Cdyn of each group is shown in Figure 3 4 where Cdyn is plotted 

as a fraction of the compliance measured a t the lo .... est frequency of 

ventilation (C'dyn). lntra-animal variation in Cdyn at each frequency .... as 

less than 4 % of the mean valu~. Between 13 and 107 cpm Cdyn of the lung of 

the newborn kitten remained constal~t (P>O .1), .... hereas there .... as a 

significant decrease in the Cdyn of the adu1t ~at lung after approximately 

60 cpm (P<0.05). 

In the second part of the study, the magnitude of stress relaxation in 

the 1ung of newborn kittens and adult cats .... as estimated from the rate of 

decay in transpu1monary pressure follo .... ing occlusion at end-inflation duting 

dynamic ventilation. The results are shown in Table 3.2 and Figure j. 5. 

Cdyn is the mean dynamic ,=ompliance at end -inflation, and pel O)/P(O) 

represents the normalized decay in transpulmonary pressure due to stress 

relaxation. For the lung of the newborn, r(1.0)/p(0) varied between 

0.80-0.90 .... hereas for the adult, values of PO.O)/P(O) ranged be tween 0 9l 

and 0.95. As a group. kittens (mean P(l.O}'P(Q):=0.85':'0.03), sho .... ed 
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a fraction of Cdyn at the lowest frequency of ventilation 
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( TABLE ).2 AVERAGE DYNAMIC COHPLIANCE AND STRESS RELAXATION 

TJITHIN EXCISED LUNGS OF NETJBORN KITTENS AND ADULT CATS 

AGE TJt Cdyn Cdyn 1 0 P(l. O)jP(O) 

1 
(days) ( g) (ml/cmH2 0 ) (mljcmH20 ) 

NETJBORNS 4.3 139 0.26 0.30 0.85 * 
n = 10 

(2.5) ( 35) (0.04) (0.04) (0.02) 

ADULTS 2765 8.7 9.3 0.93 * 
n = 4 

( 422) (3.2) (3 5) (0.03) 

( 

Values are means and standard deviations. Cdyn, is the dynamic 

compliance of the lung at end inflation. Cdyn(l.O) value of compliance after 

one second of maintained inflation. P(1. O)/P(O), represents the normalized 

decay in pressure due to stress relaxation at one second. Asterisks 

indicate values of P(l.O)jP(O) that are significantly less than, unit y . 
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significantly greater stress relaxation than adult cats (mean 

P( 1. 0) jP(O)= 0.93 i" 0.02) (P<O 01). The rate of dccny vas not 

significantly affected by frequency in either group (P>O.l) As as 

result of the decay in pressure, complianee measured after one second 

W'QS alW'Qys larger than Cdyn and more 50 ~n newborn<5 than adults (Table 

3.2) . 

DISCUSSION 

Previous studies on premature infants (Olinsky et al., 1976) and 

on the excised lungs of kittens (Mortoln, et al., 1984) and piglets 

(Sullivan and Mortola, 1985) found that the dynamie compliance of the 

newborn lung is less than its statie compliance. In this study, we 

sought to determine whether the difference was primarily due to lung 

viscoelasticity or to rnechanisms involving airflow resistance. The 

contribution of these factors was assessed by exarnining the relationship 

between statie and dynamic cornpliance, the freq~ency response of dynamie 

compliance, and the rate of stress relaxation. In particu1ar, we have ,., 
based our ana1ysis upon observations that frequene~~ependent behavlor 

due to lung viscpêlasticity has characteristics (Baylis~_and Robertson, 

1939; Mount, 1956; Hildebrandt, 1970) that differ from those of 

frequency dependent behavior eaused by meehanisms involving flow 

resistance (Woolcock At al., 1969; Mack1em, 1971) 

, 1 

ï' 
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The phenomenon of frequency dependent compliance due to increasrd 

peripheral flow resistance has been elucidated using a simple mod~l ~r 

the lung (Otis et.al , 1956). In this model, the dynamic behavior of 

the lung is described by an electrical analog consisting of two 

resistor-capacit~r (RC) circuits connected in para11e1 Each RC ci rClil t 

represents a hypothetical pulmonary pathway comprised of a single 
, 

compliant compartment vpntilated through an airway of constant flow 

resistance The Impedance of each pathway is !joverned oy its tirnC' 

constant which is the product of flow resist:mce and compliance WlHon 

the time constants of the pathways are equal, their Impedances will 

change proportiona11y with increasing frequency Under these 

conditions, the distribution of flow and volume is not affected by thr 

frequency of ventilation and the dynamic compliance of the lung remaln~ 

constant. However, if the time constants differ, the imppdances of th" 

separate pathways no longer change proportiona11y and the distrihution 

of flow and volume is determined by the frequency of vpnt i latlon At, [J 

result, dynamic compliance becomes frequency dependent 

A notable feature of the lung model is that differences in time 

constants need not significantly affect dynamic compl\ance over-the 

normal range of breathing frequency. This can occur if the difference~ 

in time constants between pathways are smnll compared with the' period of 

ventilation (Macklem, al!ld Mead, 1967). Neverthdesc;.;1<; thA frequency of 

ventilation is increased beyond the normal range, dynamic complinnce 

will eventually begin to fall because the pathway Impedances becom~ 

o 
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disproportionally dependent upon flow resistnnce. The 10ss of dynamic 

compliance above 64 cpm in the adu1t cat of the present study is 

comparable to the expected change in dynamic compliance ",ith frequency 

due to regiona1 differences in flo", resistance and Impedance. 
1 

Periphera1 flo'" resistance in the lungs o~ildren 1ikely 

contributes more to total f10w resistance than in adu1 ts (Bryan et al , 

1977; Po1gar and Weng, 1979) and therefore one may expect that they are 

more sensitive to changes in airflow resistance and have a greater 

tendency to exhibit frequency dependent behavior. Ho",ever, the absence 

of frequency dependence in the lung of the ne",born kitten indicates that 

differences in the peripheral time constants of ventilation are small 

relative to the period of ventilation and suggests that the differencp 

bet",een static and dynamic compliance 1s due to some~mechan1sm other 

than airf10w resistance. The most likely mechanism involves the 

viscoelastic properties of the lung. 

For small changes in volume, the lung is generally considered to 

behave as an Ideal elastic structure such that the recoil pr~ssure ~f 

the lung depends entirely upon its volume. Unlike elastic materials 

however, the lung also exhibits characteristics that can be attributed 

to no~~lastic viscous components. Stress relaxation is a typical 

viscoelastic phenomenon which describes the time dependent decay in 

transpulmonary pressure following inflation to a constant volume (Sharp 

et al., 1969: Lorino et al .• 1982). Under these conditions, compliance 

depends not only upon lung volume but also upon the interval of time 
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over which the volume is maintained. The time dependence of cornpliance 

at constant volume also governs the dynamic behavior of the lung during 

periodic ventilation. By virtue of its viscoelastic nature, the dynarnlc 

compliance of the lung is not constant but depends upon the frequency of 

ventilation. 

Lung viscoelasticity was exarnined by Hildebrandt (19693) ln aJult 

cats. Using a fluid filled plethysrnograph, the volume of the Iung was 

altered without airflow such that the contribution of flow resistance to 

dynamic comp1iance was virtually e1iminated. Viscoelasticity was found 

to increase lung elastance approxirnately 10% for a ten fold increase in 

frequency between 0.01 and 2 Hz (0.6 and 120 cpm) This corresponds to 

a decrease in dynamic compliance of about 19% between 1 and 100 cpm with 

more than half of the change in compliance occurr~ng before 10 cpm. In 

other words, the viscoelasticity of the adult cat lung caused a rapid 

fall in compliance at low frequencies which then Decarne relatively 

constant over the notmal range of breathing frequency. In this study, 

the dynamic cornpliance of the adult lung st 22 cpm was 78 % of the 

static value whereas, the dynamic cornpliance of the lung of the newborn 

kitten was 62% of the static value at 13 cpm. These results suggest 

that a rapid decrease in cornpliance occurs at low frequencies of 

ventilation in both newborns and adults. It 1s unlike1y that the 1055 

of compliance at low frequencies was due to differences in periphera1 

flow resistance, since it would irnp1y large variations in periphera1 

airway resistance and time constants. Moreover, as discussed above, the 
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loss of dynamic eomplianee does not inerease with €requency as expected 

if it was due to variations in regional flow resistance (Figure 3.4). 

Conversely, the decrease in dynamic complianee at low frequeneies of 

ventilation is comparable to the pattern of frequency dependent behavior 

predicted on the basis of the viscoelastie properties of the lung. 

According to the classical linear theory of viscoelasticity, the 

difference between dynamic and static compliance is related to the 

degree of stress relaxation (Flugge, 1975). Hildebranpt (1969b; 1970) 

demonstrated that viscoelastic behavior of the lung can be approximated 

by a large number of linear viseoelastic (Maxwell) elements in parallel 

such that lungs which exhibit faster stress relaxation will show a 

greater decrease in dynamic complianee with increasing frequency. To 

further examine the possibility that lung viscoelasticity may be 

responslble for the difference between static and dynamie eompliance, 

the magnitude of stress relaxation was assessed for both groups of 

animaIs from the decay in transp~lmonary pressure following occlusion at 

end-inspiration. The fact that stress relaxation in the lung of the 

newborn kltten was signtficantly greater than that found in the adult 

eat provides additional eVidence supporting the role of viscoelasticity 

as the principal mechanism causing the loss of lung eornpliance at low 

frequency. 

The differenee in Cdyn/Cstat and in the rate of stress relaxation 

between newborn and adult cats suggests that age is a factor affecting 

the viscoelastic properties of the 1ung. Changes in the viseoelastic 
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nature of other biological tissues has been found to occur with age and 

affect their dynamic mechanical behavior (Learoyd and Taylor, 1962) A 

recent study examining changes in the mechanical properties of newborn 

rat lungs with age has demonstrated that the hysteresis area aecrenses 

between 1 and 40 days following birth (Nardel and Brody, 1982) Sine E' 

lung viscoelasticity is primarily responsible for hysteresis in the 

statie pressure volume curve (Hildebrandt, 1970, Lorino et al , 1987~ 

the change in hysteresis area with age in newborn rats is consistent 

with our finding of a reduetion in the rate of stress rplaxation hl'tWl'f'11 

newborn kittens and adult cats Although there are no studies which 

directly compare the magnitude of stress relaxation in newborn infants 

and adult subjects, it is possible to assess the contribution of 

viscoelastieity from studies of lung tissue resistnnce Unllke airflow 

resistance, tissue resistance is insensitive to the frequency of 

vea~Jlation but increases with tidal volume (Bachofen, 1968) 
\-..: 

In other 

biologieal tissues, frequency insensitive hysteresis which ig strain 

Since these dependeny is a property of visco~lasticity (Fung, 1972) 

charaeteristics are also predicted by the nonlinear time dependent 

properties of the lung (Fukaya et al ,1968, Hildebrandt, 1969b) one 

may expect that tissue resistance is more precisely fi property of lunr, 

viscoelastieity. Using similar experimental protocol for children and 

adults, Bachofen and Duc (1963) round that ti,>sue rt',->L!-ot:ll l1 .' ',-> npproxi-

mately three times greater in children than in aJOJlt" inJlc.1tlnl~ that th(' 

lung of the younger subject i5 more viscolJ<; than the .Idu 1 t. Sim 1111 • 
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observations have been made ~n infants (polgar and String, 1966). The 

difference between chl1dten and adults suggests that the lung of the 

newborn infant likely exhibits considerable viscoelasticity and 

therefore its dynamic mechanical behavior may be simi1ar to that found 

in the lung of k1ttens. 

A THEORETICAL MODEL OF LUNG VISCOELASTICITY 

To demonstrate how the combined viscoelasticity of the lung 

parenchyma and surface active material may contribute to the.difference 

between static and dynamic compliance, a standard lincar solid model of 
c 

viscoe1asticity (Fung, 1972; Flugge, t97S) was applied to the 

pressure-volume behavior of the lung. Since we wish to show hQW 

differences between static and dynamic compliance can occur 

1ndependently of airflow resistance, we have considered only the 

pressure required to overcome the viscoe1astic properties of the lung 
" 

1tself and have omitted the contribution of airflow resistance 

The transpulmonary pressure st any instant followi~g the volume 

step depends upon the elastance of the lung as well as time and may be 

deseribed by the equation (Fung, 1972; Flugge, 1975); 

P( V, t ) E*(V) * G(t) (3 1] 

where E 1s the elastie response of the lung to a sudden change in 

volume, V is the magnitude of the volume step and G(t) 1s a norma11zed 

relaxation functlon which depends only upon time. The normalized 

'1 
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relaxation function of a standard linear solid modei of lung 

viscoelastic!ty for a step increase in volume is of the form 

G(t) Es + (1 - Es)*exp(-t/T) ! 3 2 J 

where Es is the fraction of elastic response remaining nf,ter a lonp, 

period of rélaxation and T is the time constant of stress relaxation 

After a long interval of time pressure becomes virtually constant nnd 

the ratio of pressure to volume is the static elastance of thp lunr, 

The parame ter Es. therefore. reflee ts the di fference between lung 

elastance during a rapid inerease in volume and the statie elnsrnncp 

following a long relaxation Since the mean flow rate generated ot the 

lowest frequency is less than nt any other frequency of ventilation 

• studied. the differenee between statie and dynamic elastanco is likely 

due principally to the viscoelastie properties of the lung. In this 

respect. Es was made equal to the mean Cdyn/Cstat ratio of eaeh group .,t 

the lowest frequency of ventilation (Table 3 1). 

A value for T was derived from the the magnitude of the decay in 

transpulmonary pressure during occlus ion at end- inflat io\\ found in both 

groups of animaIs From the mean ratio of the transpu1monary pressure 

at 1 second following occ~usion to peak pressure (i e. P(l O)/P(O)). T 

was ealculated aceording to the equation 

liT - ln[ (Es - 1) 1 ( Es - P(l O)jP(O) ) ! 3 3 J 

In Figure 3.6 are shown normalized stress relaxation curves of two 
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lung madels usin~ values of T derived from Equation 3.3. The upper 

trace (dashed 1ine) represents the stress r~laxation response of the 

lung of the adult eat whereas the lower trace (solid line) is the 

relaxation curve for the lung of the newborn kitten. For both models, 
'J 

transpulmonary pressure decays vith time and becomes sensibly constant 

vithin 20 seconds vith the greatest degree of stress relaxation 

occurring in the model which simulates lung viscoelasticity in newborn 

k1.ttens. 

When sinusoidal pressure oscillations are applied to the model of 

lung viscoelasticity, the re5ulting volume displacem~nt varies 

sinusoidally over time but 15 out of phase with the i~po~ed pressure. 

Under these conditions, the dynamic behavior Qf the model is descr1bed 

eompletely by lts complex compllance which contains information about 

( the phase angle and amplitude of volume displacement per unit chan~e in 

pressure. At any frequency ot ventilaeion, the normalized dynamic 

compllance of the lung model is equivalent to the amplitude of the 

complex compliance (adapted from Fung, 1972), and is given by 

Cdyn/Cstat .- , (3.4) 

where w - 2~f is the angular velocity and f is frequency of ventilation 

in cycles per second. The effect of ventil~tion frequency upon the 

dynamic compliance of model 1ungs of newborn k1.ttens and adult cats is 

shown in Figure 3.7, vhere lung compliartce at frequencies between 0 5 

and 500 cycles per minute is presented as 8' ratio of statie compliance. 

o 
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AIll.. T CAT 
............. _----- .. -- .. _._._._._._._._._--

NEW80RN I<ITTEN 

5 50 . soo 

FREc:lUENCY (cpm) 

Frequency response of dynamic compliance Cdyn as a 

ratio of quasi-static compliance Cstat for the two 

lung Il)odels. Upper trace (dashed line). adult; lower 

trace (solid line). newborn. Frequency in cycles p~r 

minute. cpm. 
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;0 Eaeh curve was caleulated from Equatlon 3.4 uSlnq the sam(\ va l u(>s of T 

and Es that were used to generate the normallzed stress relaxatIon 

curves shown ln rlgure 3.6. In bath newborn kl t ten and adul t ca t, t rH' 

modei predicts that lung comphance faiis rilpldly at 10101 frf'quenClf'<, 

but bec.omes relatlvely constant ovcr the range of normal breathllHj 

frequenCles. The magnItude of the reductlon ln Iunq compllùnce 1S 

related to the viscous nature or the lung ln that lunqs winch exhlbl t 

greater stress relaxation WIll a150 show il larger differenrf' betwepl1 

statlc a:1d dynamlC compliance. HenC?e, the lung of the' newborn k 1 ttpn 

w11l be relatively more stiff durlng periodic ventllation thaV the lunll 

of the ùdul t cat. 

An lnterestlng feature of lung vlscoelil!,tlclty 1<; Its ('ff('ct liron 

the passIve tlme constants of the reSplratory system or lunq. nrony 

(1954) demonstrated that ln a passlve1y deflùUng lung or resrlr,üory 

.. system, the decay ln volume with time may be descrlbec1 by d <>lnqlf' 

exponentlal functlon whf're the tlme constant 15 equal to thf' product 

of compllance and reSl stance. As shown abov~, the complloance 0 f the 

lung parenchyma and surface fllm depends upon l ts Vlscoe lastlc 

propertles f hence the Ume requlred to passively defla te the l unq from 

( 
a fIxed volume depends upon Its past hlstory. A lung ventilated dt lllqh ,.. 

frequency may have an effectIve tlme con5t~nt of paSSlve pxpIral10n that 

0-

is less than that found when the 2.ung 15 ventilated at a low frequency. 

Furthermore, 1.f the explratory time constant is determined after a 

period of airway occluslon at end-expiratIon as recently proposed (Zin 

et \ al., 1982), one should expect that the experimentally obtained value 

o 
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may not accurately reflect the dynamic time dependent properties of the 

lung. 

To Ulus trate the effec t stress relaxation rnay have upon the time 

constant of expiration, the phenomena may be described by an empirical 

eq~atlon of the form 

E * V * GCt) - R * dV/dt (3.5) 

In this equation, the tlme dependent recoil of the lung ls used 

entire ly to overcome the flow res 15 tance R, of the airways. However, 

the time course of expiration is determined not only by airflow 

resistance but aIso by the magnitude of stress recovery. Stress 

recovery 15 a feature of lung viscoelastic i ty analagous to stress 

relaxation and refers to the time dependent increase in transpulmonary 

c pressure fo11owlng a step decrease in volume. For the lungs of adu1t 

cats, the magnitude or rate of stress recovery is less than that of 

stress relaxation for the sarne volume step (Fukaya et al., 1968; 

Hildebrandt, 1969a). In this case one may ex~ect that over the interval 

of time required to passively deflate the lung the contribution of 

stress recovery is much smaller than that of airf10\o1 resistance. 

Consequently, we assume that the princ1ple factors affec ting the time 

course of deflation are the time dependent decrease ln lung recoil 

(1. e .• stress relaxlttion) and the flow res istance of the alrways. As 

shown in APPENDIX 3, the relationship of the time constant of passive 

"expiration to the du.ration of the preceding maintained lung inflation 
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is described by 

-t'Ir 
Te = Toi (ES + {l-Es)e J [3 6 J 

where To is the time constant for il spontaneous breath, and Te is the 

time constant recorded after a period of maintained inflation of t' 

seconds. Using values of Es and T obtaincd from the data, the effect of 

lung viscoelasticity on the passive expiratory time constant 1s shown in 

Figure 3.8. In this figure, the values of the effective time constant 

are normalized as a fraction of the time constant after a 1.5 second 

occlusion. The equation predicts that lungs with greater viscous 

character will show a wider ra~ge of time constants. For the lung model 

of the newborn (continuous line) , the time constant of a spontaneous 
n 

breath is substantially less than that following an inflation mBlntalned 

J- for 1.5 seconds. This predicted behauior is, in agreement wi th 

experimental observations made on newborn mammals (Mortola, et al , 

1984b). Since the lung of the adult cat appears to exh1bit less stress 

relaxation than the lung of the newborn kitten, the effect of lung 

viscoelasticity upon the passive time constant of expiration is less 

pronounced. 

The model of lung viscoelasticity that we have adopted is based 

upon a simple linear model of viscoelasticity whose stress relaxation 

response to a step increase ln volume 1s governed by a single 

exponential time constant. It should be emphasizcd that lung 

vlscoelasticlty and stress relaxation are not well described by a single 

o 



3-32 

( 
1. 50 

~ 
Z 1. 40 < 
~ 
(J") NE~80RN KIT TEN 
Z 1. 30 
C) 
u 
W 1. 20 
::!: 

~ 1.10 

>-
a::: 1.00 C) 

---------_.-------------....-----.---. ----:,....-_ ........ - . ADUL T CA T 

~ 

< 
0::: .90 

Cl.. 
X .90 w 
w 
> .70 

(J") 
(J") 

• 60 < 
Cl.. 

. 50 
0 2 3 5 6 7 9 9 JO 

( DURATION OF MAINTAINED LUNG INFLATION (s) 

FIGURE 3.8 ~piratory time constant as a function of the 

occlusion interval. Values of time~constant are 

'presented as a ratio of the time constant for a 1. 5 

second occlusion. Dashed line, adult; solid line, 

newborn. s, seconds 

, 
\...--. 



l 

o 

)-33 

tlme constant but rather requlre models havlng a wlde dlstr1butlon of 

tlme constants so as to render pressure-volume hystereslS lnsensit1ve 

to the frequency of ventllatlon (1I11debrandt, 1969b; lIildebrandt, 1970; 

Fung, 1972). However, regardless of whether the stress relaxa tlon 

response 15 described by a slngle or wide dlstrlbutlon of time constantR, 

an lncrease ln the magnltude of stress relaxation wlli have the same 

effect, WhlCh lS to lncrease the dlfference between statlc and dynam1c 

compllance. In thlS respect, the standard Ilnear model of lung V1SCO-

elastlclty has provlded lnformatlon° that can be used to lnterpret Lhl! 

mechanlcal behavior of the lung ln V1VO. The rnQdel prcrhcts that 

the dlfference between statlc and dynarnic compllance 15 larger for the 

lung of the newborn, Wh1Ch exhlb1ts relatlvely greqtcr stresb relaxatlon 
~ 

than ln the adult. The present expenmental and theorctlcal analys1'> 

also suggest that the dynarnlc mechanlcal behavlor of the newborn lung 

may depart subs(antlally from that predlcted on the basls of 'luasl-

statlc measurements. 

) 



c 

) 

CHAPT ER 4 

AGE RELATED CHANGES IN THE RATE OF STRESS RE~XATION 

WITHIN THE RAT RESPlRATORY SYSTEM 

c 
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SUMMARY 

Stress relaxation within the respiratory system was examined in 

young rats at different ages Three age groups of rats were used. 0-1 

day old (CPI). 4-5 days old (GPII) and 30-40 days old (GPIlI) Each rat 

was anesthetized, tracheotomized and placed inside a saline filled 

plethysmograph with the tracheal cannula projecting through the wall of 

thf,1"plethysmograph. Volume history was standardized by three inflations 
<.~, 

to a mean transrespiratory system pressure (P) of 20-25 cm Jt 2 0 then P 

was set to zero and lung volume was abruptly increased by rap idly 

withdrawing fluid from the plethysmograph Following the volume step, 

lung volume was maintained cons tant and changes in P due to stress 

relaxation were recordea for 30 s. The rate of stress relaxa tion was 

obtained by calculating the slope (R) of the normalized change in P per 

unit of time on a semi-log plot. GPIII rats exhibited the slowest rate 

CR - 0.068'::0.004 S.O) whereas GPII rats demonstrated the fastest rate 

(R- 0.092':'0.011 S.O). Stress relaxation in CPI was intermediate (R -

+ 0.076-0 005 S.O). Values of dynamic (Cdyn) and statie (Cstat) 

compliance were determined for rats similar in age to the three age 

groups used to determine R. The difference between Cstat and Cdyn 

increased with Rand was greatest in rats between 0 and 6 days old, We 

conclude: 1) that stress relaxation within the rat respiratory system 

increases with age between 0-1 and 4-5 da ys and thereafter falls wlth 

age such that 1 at 30-40 days 1 i t 1s 1ess than that found in rats less 
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-
than one week old and 2) age re lated variation in the difference 

between Cstat and Cdyn may be accounted for by changes in the 

viscoelastic properties of the respiratory system 

( 

\ 

o 
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INTRODUCTION 

A common observation in studies of pulmonary mechanics 1s the time 

dependent decay of transpulmonary pressure that occurs when the lung is 

rapidly inflated and held at constant volume. This behavior is due to a 

decrease in the elastic recoil of the lung caused by stress relaxation 

within the parenchyma (Fukaya et al., 1968; Sugihara et al., 1968) and 

surface active layer (Horie and Hildebrandt, 1971). Simi1arly, the , 

decay of transrespiratory system pressure nt constant volume rcflccts 

stress relaxation not only within the lung but within all of the 

structures that contribute to the mechanical properties of the 

respiratory system (Sharp et al., 1967). The temporal nature of 

transpulmonary and transrespiratory system pressure at constant volume 

imp1ies that the compliance of the lung and respiratory system are 

affected by the rate of inflation or the frequency of period1c 
\ 

ventilation. In one study of excised lungs from adult cats, 

Hildebrandt (1969) found that the viscoe1astic properties of the 1ung 

cause a frequency dependent increase in lung elastance between 0.01 and 2 

Hz. Because the change in elastance was approximately 10 , for n 

tenfold increase in ventilation frequency, it appeared that lung 

viscoelasticity contributes little to its dynamic mechanica1 behavior at 

normal breathing frequencies. In two previous studies of isolated lungs 

from newborn pig1ets (Sullivan and Mortola, 1985) and kittens (Su11ivan 

and Mortola, 1986), we found that dynamic comp1iance during periodic 

• 
• 
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ventilation at low frequency was less than the eorresponding statie 

\ 
eompliance obtained by step inflations and considered the possibility 

that stress relaxation was responsible for the difference. A reduetion 

in dynamic compliance is generally interpreted to be the result of 

substantial airflow resistance or large regional differences in 

peripheral flow resistanee (Otis et al., 1956). The frequency response 

of i~olated 1ungs however, did not follow the pattern expected of a 

meehanism governed by flow resistance (Sullivan and Mortola, 1986) 

Rather, the difference between statie and dynamic compliance was related 

~ 
to the rate of stress relaxation. This relationship suggested that the 

viscoelastic properties of the lung cause it to stiffen during periodic 

ventilation and that the magnitude of the change in eomplianee is 

greater in the newborn than adult Since the respiratory system also 

exhibits stress relaxation, its mechanical behavior during periodic 

ventilation may be similarly affected There are, however, no studies 

which examinè whether the stress relaxation response of the respiratory 

system varies wit~ age in the manner suggested,from excised lungs or 

whether changes in the viscoelastic properties of the respiratory system 

substantially affect its dynamic mechanica1 behavior. The purpose of 

this study is to deterrnine the relationship between stress relaxation 

within the respiratory system and age in young rats between 0 and 40 

days old and to establish to what extent the viscoelastic properties of 

the respiratory system rnay be related to lts cornpllanee during passive 

rnechanical ventilati6n. 
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MATERIALS AND METHODS 

MEASUREMENTS OF STRESS RELAXATION 

21 Spra"gue, Daw1ey rats were p1aced into one of three groups 

according to age: Group l consisted of rats betwci!n 0-1 day old, in 
i 

Group II, were rats between 1.-6 days old and, in Group III, between 

30-40 days old. Table 4 l presents the sample size, age and welght 

distribution of leach group. Each rat was anesthetized with 

pentobarbita1 sodium (30-35 mg/ kg, Lp), tracheotomized and cannu1llte(\ 

and plûced inside the p1ethysmograph as shown in Figure 4 1. One ('nd of 

a meta1 tube leading into the plethysmograph was connected to the 

tracheal cannula ",hile the other end of this tube was attached ta n 

small pneumotachograph and differentia1 pressure transducer for 

measurements of airflow (V) Another tube ex tended along the s ioe 0 f 

the animal and was adj us ted 50 that i ts tip was approximate 1y at th<, 

midd1e height of the thorax. This tube was connected to a saline [ille<l 

fluid transducer (Hewlett Packard, mode 1 12BOC) for measurements of menn 

transrespiratory system pressure, P. W'hen these connections and 

adjustments were completed, the animal was killed with an overdose of 

Sodium Pentobarbital (i.p. or l.v.) and the plethysmograph'was sea1ed 

o 
and filled with saline '(0.9 gm %) st room temperature (21-24 C) 

1 AH s ignals were amplified with Hewlett Packard Carrier ampli f no 

and recorded on a multichannel pen recorder (Gould 



4-7 

( TABLE 4 l STRESS RELAXATION' PHYSICAL CHARACTERISTICS 

OF EACH GROUP OF RATS 

'" 
GROUP N AGE IJE l GHT n Vs Po Vs/Po 

(dBYS) (g) (ml) (cmHP) (m1/cmH 20) 

l 6 0.33 5.8 37 0.05 3.33 0 014 
(0 33) (0.7) (0.01) (0.42) (0 002) 

II 7 4.8 
f 

12 0 41 o 08 3.81 0.021 
(0.5) (l. 8) (0 02) (0.79 ) (0 004) 

III 8 - 33.4 102.2 44 0.3 4.49 0.065 
(3.0) (19.1) (0.1) (85) (0 OlS) 

N 1s the number of rats n 15 the total number of 5 tress 

relaxation curves analyzed. Vs 1s the volume step and Po is 

( the pressure at zero flow. Vs/Po; respiratory system 

compliance. Each value is the mean for the group with one 

standard deviation given in parentheses. 

u -... 
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Schematic of the apparatus used to record trans

respiratory system pressure fo11owing a step 

inflation. p. mean transrespiratory system 

pressure; V. flow. 
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o FIGURE 4.2 Stress relaxation response to a step inflation 

Upper trace shows the duration of airflow, V, 

middle and lower traces show the time dependent 

decay in transrespiratory system pressure r, due to 

stress relaxation Scale bars provide pressure and 

time calibrations 
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260 ). P was displayed on tvo channel 5 , one vi th an increased gain for 

c greater resolutlon. lJith the plethys'l:ograph completely filled vith 

saline, P was set to zero (le. the difference between mid-thoracic 

pressure and atmospheric pressure) and the lungs were inflated three 

times to a P of approximately 20- 25 cm H2 0 then P was returned to zero 

and the system was allowed to reach thermal equilibrium. During this 

time the pressure wit:hin the plet:hysmograph 15 unstable as hest is 

transferred from the animal to the surroundlng saI lne A steady record 

of P was obtained usually within 20 minutes after which volume history 

was standardized by three inflations to 20-25 cm H20. Since P was set 
\, 

to zero, the initial volume of the resplratory system within the saline 

filled plethysmograph was equal to its resting volume. From this 

initial volunie, the lung was rapidly inflated to a constant volume by 

c withdrawing saline from the plethysmograph with the syringe and changes 

in P due to stress relaxation were recorded fOl\" 30 seconds (Figure 4 2). 

The size of the volume step (Vs) was selected to produce a change in P 

of 2 - 8 .. cm H20 at the instant of zero atrflow which occurred wi thin 

approximately 200 ms in all experiments. For each rat, stress 

relaxation responses were obtained for three or more volume increments 

and each step inflation was preceded by three inflations to a P of 20- 25 

cm Hp. The duration of each experiment, fro~ the moment the anesthetic 

was administered to the end, was about 2.5 hours. 

To determine ",hether the '.(iscoelastic properties of the 

plethysmograph contribute to the response curves obtained from rats, 5 

_ ...... _----------~ -
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ml of air was introduced in the saline filled plethysmograph and rapidly 

e~anded by withdrawing saline~ Becnuse of the rato of expansion, the 

pressure-volume transformation is nearly adiabatic (cf. Figure A2.1) but 

becomes isothermal as heat 1s exchanged with the surrounding saline. 

The conversion from primarily adiabatic to isothermal condi.tions caused 

a time dependent declly (i.e., towards aqIlÇ>spheric pressure) in 

plethysmograph pressure during the initial 100 - 200 ms after which 

pressure remained constant for at le as t 2 minutes. S ince no, change in 

pressure occurred during this time wc concluded that the viscoelastic 

properties of the p1ethysmograph are negligible and do nct affect the 

stress relaxation curves obtained from rats. 

ANALYSIS OF STRESS RELAXATION CURVES 

The record of the change in P w·ith time following a volume step 

was digitized continuously by hand from t-O until t-30 9 on a-Craphies 

Tablet (Hewlett Packard, model 911lA) ahd the data stored in a 

mierocomputer (Hewlett Pac;;kard, model 85) for statistica1 analys1s and 

graphie presentation. From t-O until t-6 seconds following the volume 

step the value of P was recorded every 200 mill iscconds and, from t-6 

until t-lO seconds. every 500 milliseconds. Setween t-lO and t-30 

seconds P was recorded at 5 second intervals. To reduce the errçr 

llssociated in hand digitizing 'the relaxation response. eaeh curve was 

digitized fl~e times to obtnin a mean value for every point in the 

curve. The coefficient of variation about the mean value of eaeh time 
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point obta1ned 1n this manner was less than 5 per cent. A measure of , 
the ratel of stress~elaxation was obtained from linear regression 

analysis of the normalized decay in pressure over the natural logarithm 

of time. Differences in the slope (R) between groups were tested using .. • 
the one way analysis of variance (ANOVA) and the modified t -test 

deserlbed ~y Rosner (1982) for comparison of specifie groups within 

ANOVA. Differences between groups were considered significant if P < 

0.05. 

1 

MEASUREMENTS OF qUASI-STATIG AND DYNAMIC COMPLIANCE 

The static (Cstat) and dynamic (Cdyn) complianees of the rat 

respiratory system were determined using rats similar in age to the 
~ 

three groups used ln the study of stress relaxation. T.able 4.3 presents 

the sample size, age and welght distribution of each group of rats useQ 

in th!s part of the study. Each rat was anesthetized with pentobarbital , 

sodium, tracheostomized and cannulated. Changes in P were obtained from 

changes in cracheal pressure using a pressure cransducer connected to a 

side port of the cannula. Flow was obtained using a ~mall 

pneumotachograph (Mortola and Noworaj, 1983) and differentlal pressure 
~ 

transdueer (Validyne, model DP45-l6). During periodic ventilation the 

change in lung volume was derived from electrical integration of the 

flow signal, (Hewlett Packard Integrator, model B81SA). Because of the 

c9mparatlvely large gas volume of the· flow recording apparatus, the 

Integrated volume changes overestimated aètual changes ln lung vol~e 
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and had to he correeted for gas compression within the apparatus. , The --
procedure used to correct the change in volume is descrihed in APPENDIX .. 
2. After connecting the tracheal cannula to the pneumotachograph and 

recording apparatus, the rat was killed with an injection of 

pentoharbit!il sodium (i.p. or Lv.)., volume history was stanQlIrizec\ by 

three inflations to a P of 20-25 cm H20 and the lung was ventilated lit 

about 100 cycles per minute (cpm) with ftn end-inflation P of 5 cm H20 

using a small animal ventilator (Harvard Apparatus, model 380) 

To determine the effect 'Of ventilation frequency, Cdyn was 

determined at frequencies between approximately 10 and 100 cpm. The 

change in lung volume at 100 cpm for an end-inflation P of 5 cm H20 

provided a reference volume which was subsequently maintained constant 

at frequencies below ~OQ cpm by adjusting the stroke volume of the 

ventilator. At ~aCh frequency of ventilation,~ volu~ history wns 

standardized by)three inflations to a 'p of between 20-25 cm H20. 

first 

Cdyn 

was calculated as the ratio o~ the change in 1ung volume to the change 

in P between insta~ts of zero flow during inflation. A mean value of 

Cdyn at each frequency WaS obtained from five consecutive cycles of 

ventilation. 

To deter~ine the quasi-statie pressure volume (p-V) 

characteristics of the respiratory system, an airtight, caltbrated 

'\ ' 

syringe was connected to the tFacheal cannula and the lung was Inflated 
\. 

in steps beginning eaeh step at the res'ting volume of the respirstory 

system. For each vol~e step, the lung was inflated four consecutive 

/ 

• 
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times and, at ,the end of the fourth inflation, lung volume was held 

constant for 15 seconds at which timè the corresponding change in P was 

recorded. The change in lung volume ';âi dertved from' the volume read 

directly dff the syringe and corrected for gas compression within the 

apparatus. Three static inflation P-V curves,were constructed for each 

rat and for each curve, volume history was first standardized by three 

inflations to a P of 20-25 cm H20. Cstat was calculated as the ratio of 

the change in lung volume to the ch~nge in P for the sarne volume change 

used to calculate Cdyn. The average duratlon of each experiment was 70 ; , 

minutes. 

All variables were recorded on a pen recorder and d1gitized by 
\. 

hand on a graphies tablet. lJithin groups differences were tested using 

the t-test' for paired comparisons whereas groups differences in 

Cdyn/Cstat were tested using the one way ANOVA and modified t-test. 

Values of P< 0.05 were considered signiflcant. 

RESULTS 

STRESS RELAXATION 

The mean volume step, the peak change in transresplratory system 

pressure at zero flow (Po) and the ,correspondlng re~piratory system 

eompl1ance for each group of rats are presented in Table 4. 1. A scatter 

plot of stress relaxation following volume steps of 0.04, 0.05 and 0.06 

( 
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Scatter plot of the stress relaxation response 

obtained from one rat" 6 hours oid. The points are 

the results of six volume steps of 0.0/., O.O~. 0.05, 

0.05, 0.06 and 0.06 ml. P(t)/Po, represents the 

normalized change in mean transrespiratory system 

pressure. 
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FIGURE 4.4 Mean stress relaxation eurves from each group of 
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rats. P(t)/Po. normalized change in mean trans-

respiratory system pressure. ·Differences in the 

rate of stress relaxation are apparent frôm the 

fraction of transrespiratory system pressure 

remaining at t - 30 s following the volume step. 
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F 

o ml obtained from a six hour old rat is shown ln Figure 4.3. Each volume 

step was repeated once and the sol id curve is approxlmately the average 

relaxation response of six trials. The data for each rat were comblned 
<) 

to obtain mean relaxation curves for e~ch group (Figure 4.4) At 30 
1 

seconds following the step, transrespiratory system~ressure has decayod 

more than 30% of the initial value in aIl three groups with the great~st 

drop in pressure occurring in Group II (4-6 days) and the least change 

found in Group III (30-40 days). In the youngest rats (Group 1), the 

magnitude of the decay in pressure at 30 s is between the changes found 

~--in the other two groups. When the mean relaxation curves for each group 

are plotted against th~ naturai logarlthm of time (Figure 4.5). the 

relationship of the change in transrespiratory system pressure to time 

i5 approximately linear and may be described by the function: 

P(t)/Po A - R*ln(t) ,1 4 .1) 

where P(t)/Po is the normalized change in pressure. A is an arbltrary 

1 

constant and R is the slope of the curve and defines the rate of stress 

relaxation. Chan~s in the rate of relaxation in the respiratory system 

of rats of diffèrent ages are apparent in the differences in the slope 

of these curves. Note that the stress relaxation response of the 

respiratory system deviates slightly from the best fit solution of 

Equation ~.l. particularly in rats between 4 to 6 days old. This 

behavior suggests that stress relaxation withln the respiratory system 

ls curvilinear for a long interval of relaxation. similar to the 

-0 
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Stress rèlaxation curves from each group o~ts 

plotted against the naturallogarithm of time. 

Bars are one S.O. For each group, th~ decay in 

P(t)/Po is approximate1y lineù between 0.2 and 

.. 

30 seconds. The solid line represents the solution 

of Equation [4.1]. 
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'TABLE 4.2 AVERAGE RATES OF STRESS R.ELAXATION FOR. UCH 'RAT 

# GROUP l GROUP II GROUP III 

R r R r R r-, 

1 0.085 0.94 0.099 0.99 0.070 0.95 
(0.006) (0.02) (0.004) (0.01) (0.005) (0.04) 

. 
2 0.014 0.93 0.096 0.99 0.065 0'.98 

(0.005) (0.03) (0.004) (0.01) (0.005) (0.02) 

3 0.082 0.91 0.110 0.99 0.063 0.96 
(0.003) (0.01) (0.004) (0.00) (0.003) (0.03) 

4 0.076 0.96 0.080 0.97 0.065 0.91 
(0.004) (0.01) (0.004) (0.01) (0.005) (0.03) 

5 0:071' 0.95 0.086 0.97 0.071 0.98 
(0.004) (0.04) (0.009) (0.02) (0.008) (0.01) 

6 0.015 ~O.08:i 0.94 0.069 0.98 
(0.010) 1 (0.009) (0.05) (0.006) (0.00) 

7 0.092 0.97 0.064 0.99 
(0.006) (0.01) (0.005) (0.01) 

8 0.075 0.99 
(0.008) (0.01) 

Mean 0.077 0.95 0.092 0.97 0.068 0.98 
S.D 0.005 . 0.02 0.011 0.02 0.~4 0.01 

Values of the rate of stress relaxation, R, obtained from each 

rat. r 2 15 the coefficient of determination. Values are means 
l , 

rd devlatlon in parentheses. Group means are 

the bottom of .tàle--table. The mean rate of stress 

re1axati n withln ,each group 15 signiflcant1y different from the 

others 

7 
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reap~nse of many biologieal tissues (Tanaka and Fung, 1974). It so, then 

the straight line estimation of the rate of stess relaxation May apply 

only to the interval be tween 0.2 and 30 seconds. 

To compare rates of stress relaxation between groups, mean values 

of R were obtalned for each rat. These are presented in Table 4.2 along 

with' the corresponding Mean coefficient of determination (r2 ). Values 

of r 2 varied between 0.93 and 0.97 for a11 rats studied. Mean rates of 

stress relaxation for eaeh group of rats are presented at the bottom of 

the bottom of the table. The rate of stress relaxation for each age 

• group Is signiflcantly different from the other two 'indicating that the 

viscoelastic properties of the respiratory system change vith age. The' ., 
fastest rate of stress relaxation occurs in rats between 4-6 days old 

whereas the slowest rate oeeurs in the 30-40 day old rat. 

DYNAMIC AND STATIe COMPLIANCE 

Table 4.3 presents Mean values of stattc (Cstat) élJ\d dynam1.c 

(Cdyn) compl1ance for eaeh age group of rats used in the second part of 

the study. In each group, Cdyn at al1 frequencies of ventilation 15 

significantly less th an Cstat. This re1ationship is il1ustrated in 

~igure 4.6 where the ratio Cdyn/Cstat is plotted against the ~requeney 

of ventilation. To compare values of Cdyn/Cstat between groups, a 

preliminary analysis 'vas performed to determlne whether Cdyn varièd with 

frequency within each group. The resu1ts are shown in Table 4.4, IJl_ 

the youngest (CP 1) and o1dest" (CP 3) rats, Cdyn remained constant up 

-. -__ ~ ______________________ --L._ 
-, . 
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TABLE 4.3 STATIC AND DYNAMIC MEASUREMENTS OF COMPLIANCE: 

PHYSICAL CHARACTERISTICS OF EACH GROUP OF RATS 

FR F.QUENCY (cpm) 

L 16 36 59 83 107 
, (1) (2) (1) (0) (1) 

GROUP N AGE WEIGHT Cstat Cd!!! 
(days) (g) (ul/cmH20) (uljcmH2 0 ) 

• 
l li 0.4 5.5 9.4 7.1 7.6 6.8 7.4 6.2 

(0.2) , (0.4) (1. 5) (1. 3) (1.4) (1. 7) (1. 4) (1.4) ... 

II 5 4.6 9.5 28.4 20.4 20.7 19.5 18.5 21.4 
(0.5) (0.7) (4.5) 

t 
(3.5) (4.3) (3.3) (3.2) (6.2) 

/ .. 
III 4 37 116 103 88 89 85 82 78 

01 (0~5) ( 5) (13) (9~ (7) (7) (8) (4) , 
. 

Mean values ( ~1 s.b.) of static (Cstat) and dynamic (Cdyn) 

. 
compliance far each group of rats. N. ~umber of rats th each 

\ \ 
group. In al1 tnree groups. Cdyn i1s sig~ificantly less than 

Cstat (P<0.05) 
• 

--

·0-
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TABLE 4.4 FREQUENCY DEPENDENT VARIATION IN THE COMPLIANCE 

--GROUP .. 

~6. 
(1) 

110 

2 • ... 1 0 

310 

OF THE RAT RESPIRA TORY SYSTEM 

FREQUENCY (epm) 

36 59 83 
(2 ) ('1) (0) 

CdynjCdyn ( f-16cpm) 

0 99 o 94 0 96 
(0 10) (0 08) (0 07) 

1 01 o 96 o 91 * 
(0 06) (0.05) (0 06) 

1,02 o 98 o 94 
(0.05) (0.06) - (0 12) 

107 
(1) 

0 86 * 
(0 05 ) 

0 87 * 
(0 05 ) 

0.89 * 
(0.06) 

Valuos of Cdyn at each frequenGY of ventllatl.on are presented as 

a fraet10n of Cdyn at the lowest frequency (l..e. at approx~mately 

16 cpm). *. Cdyn 1s sign1ficantly 1ess than Cdyn at 16 cpm 

(P<O 05) . 

," 

o 

" 
" -

,) 
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to 83 cpm ",hereas for rats between 4 and 5 days old Cdyn fell after 59 cpm 

The faU in Cdyn at frequencies of ventilation roughly 5 to 7 times the 

lowest frequency is consistent with the eff~ct of viscoelasti~ity but mny 

also be due to mechanisms involving flbw resistnnce (Otis et al , 1956) , 
Sinee it is not possible ta distinguish between the two from thl' dlltn, r,roup 

differences ",ere eva1uated nt the lowest frequency of ventilation whl'r!' the' 

1 

contribution of air flow resistanee is minimal and differences betwcl'n 

statie and dynamic compliance may be assumed to due primnrily to thC' 

viscoelastieity of the respiratory system Significant differenc{'~ ln 

CdynjCstat were found between 0-1 and 37 day old r~ts The differencl' 

between 0-1 and 4-6 day old rats was not significant Figure 1. 7 c;how'i tllP 

re1ationship between changes in the rate of stress relaxation and the 

difference between Cstat and Cdyn at the lowest frequency of ventilation 

Bet'-'een 0 and approximately 4~ days, the difference between estat and Cdyn 

varies with the degree of stress relaxation 

DISCUSSION 

SOURCES OF RESPlRATORY SYSTEM VISCOELASTICITY 

Stress relaxation within the ~espiratory system reflects the combined 
• 1 

viscoelastic properties of the lung and chest wall. ~ew studies, however, 

have examined the extent to which each structure contributes to the overall 

viscoelastic nature of the respiratory system. Sharp et al., (1967) 
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examined the r~latlve contributions of the lung and chest wall to the • 
viscoelasticity of the respiratory system in paralyzed, mechanically 

ventl1ated subjects and observed that stress relaxation and hysteresis were 
. 

generally greater in the lung than chest wall. In cont~ast, Butler (1957) 

reported that hysteresis was greater in the chese wall than lung However, 

his observations were based upon area measurements cf open pressure-volume 

curves obtained without pre inflations ta standardize volume history. Horie 

and Hildebrandt (1973) subsequently demonst'rated that the apparent 

hysteresis in open cunres obtained from excised lungs of adult cats is ., 

greater"than the ~teady state hysteresis present after several cycles Van 

de Woestijne (1967) examined volume creep within the lungs and thorax of 

adult dogs and observed that both chest wall and lungs contribute to creep 

within the respiratory system but that variations in creep accompanying 

forced inflations are more pronounced in the 'lungs. 

Though it is not possible to assess the relative contribution of the 

chest wall and lung in this study, there is evidence to suggest that the 

lun~ contributes to the age related changes in the viscoelastic properties 

of the rat respiratory system. Developmental changes in the mechanical 

properties of the saline fil1ed lungs of rats between 4 and 40 days of age 
~ 

include a rapid deèrease in tpe hysteresis ratio and stress relaxation 

between 4 and 12 days followed by little additional changes up to 40 days 

(Nardel and Brody, 19~). The coincidence of a decrease in lung stress 

relaxation with sim'ilar changes in the rate of stress relaxation within the 

respiratory system over the sarne interval of time suggests that st least 

J' 
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o part of the difference we observed ls due to changes ln the vlscoelasticlty 

of the lung parenchyma. It ls of Interest to note that although the 

vlscoelastic properties of the saline fI lIed lung appear to stabll1ze wlthln 

40 days, stress relaxation and hysteresis in isolated strips of aIveolar , 

walls from rats decrease progressively with increasing age between land 28 

months (Martin et al., 1977). The discrepancy between time de~ndent 

changes in the ~aline filled lung and isolated tissue strips suggests that 

the mechanical properties of the lqng parenchyma determined from 

measurements of transpulmonary pressure and volume depends not only upon the 

viscoelastic characteristics of the a1veo1ar wall but a1so upon the 

structure and ?rganization of the a1veoli and airspaces. If 1ung 

viscoe1asticity is affected in this manner then it is conceivable thnt the 
~ 

extensive morphological changes occurring within the 1ung during the first 

month of life (Burri et al., 1974) May be one source of age re1ated 

vari~~ion in respiratory system viscoelasticity. 

The viscoelastic properties of the lung are a1so determined by surface 

active material that 1ines the peripheral airspaces. Extracts of lung 

surfactànt exhihit characteritics of viscoe1asticity whether spread ov~r n 

planer surface as ln a Wilhelmy balance (Bienkowski and Skolnick, 1972) or 

deposited over the surface of agas bubble (Horn and Davis, 1975). The 

contribution of the s~rface component ta 1ung viscoelasticity was estimated 

from the change in the magnitude of stress adaptation caused by fil11ng 

l excised lungs of adu1t cats with saline (Horie and Hildebrandt, 1971). 

Abolishing the surface active layer in this manner substantlally reduced 

o 
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stress relaxation within the lung, indicating that the surface component ïs 

the major source of lung viscoelasticity. Similar observations were made 

on excised lungs of adult rats (Lorino et.al., 1982). The dominant 

influence of the surface component upon the viscoelastic characteristics of 

the exclsed lung suggests that it plays sn important role ln the stress 

relaxation response of the respiratory system. In a recent study, Barrow 

(1986) measured the hysteresis ares of pressure volume curves obtained from 

excised lungs and lung-ribcage preparations from adult rabbits before and 

~fter filling the lung with a TRAM-HeL (Trls-Hydroxymethylaminomethane 

Hydrochlorlde) solution. Filling the excised lung with TRAM-HeL reduced the 

hysteresis area to 23 , of the air-filled control value, confirming the 

results of previous studies on saline-filled lungs. Hysteresis i~ the 

unrestrained lung-ribcage preparation however, was reduced to 46 , of the 

control value, indicating that the surface component contributes less in the 

lung-ribcage preparation than in the excised-lung. Barrow concluded that 

the tissue component of pressure-volume hysteresis was greater in the 

lung-ribcage preparation but that it was not clear what tissues were 

responsible. In view of the observations of Sharp et al .• (1967) lt appears 

likely ehat part of the augmente~ tissue ,component ls due to the 

viscoelastic properties of the ribcage. 

Skeletal muscle (Abbott, 1957), cartilage (Fu~g, 1981) and bone 

(McElhaney, 1966) are viscoelastie and sinee they form the major components 

of the chest wall, are likely responsible for its vlscoelasticity. E~ring 

fetal development the ribcage develops as cartilage and ls transformed into 
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bone through a 'process that continues after blrth. Because the vlscoe1astlc 

properties of bone and cartilage generally differ, a change in the relative 

proportion of these tissues within the chest wall may be a source of 

variatIon \n the rate of stress relaxation. 

STRESS RELAXATION AND MECHANICAL VENTILATION 

By virtue of their viscoelastic nature, the dynamic mechanica1 

behavior of many biologica1 tissues is characterized by frequency dep'endent 

e1astic modu1us and hysteresis In generBl however, the effect of frequency 

upon elastance and hysteresis is slight and i5 only apparent over a wide 

range of frequency (Fung, 1981). Stress-strain hysteresis in isolated 

strips of lung tissue appears sensibly constant within one decade of 

frequency (Sugihara et al., 1971) whereas the R~ak tension developed tends 

to increase with the rate of stretch (Sugihara et al., 1971, Fukaya et al., 

1968). Similarly, extracts of lun~ surfactant exhibit frequency dependent 

changes in hysteresis and peak tension (Bienkowsky and Sko1nick, 1972; \lorn 

and Davis, 1975). The frequency dependent behavior of the separate 

components of the lung suggests that the dynamic mechanical behavior of the 

intact lung exhibits simi1ar characteristics. Hildebrandt (1969 0 ) cxamlned 

the contribution of viscoelasticity to the dynamic pressure-volume behavlor 

of isolated lungs using a fluid fi lIed plethysmograph. To reduce the 

contribution of airflow resistance, the trachea was sealed to prevent 

airflow into and out of the lung and lung volume was varied harmonically hy 

alternatively expanding and compressing the air within it. Under these 

,. 



4-30 

conditions, the dyna~ic elastance of the lung rose slowly with increasing 

frequency whereas the hysteresis area was relatively unaffected. Using a 
, 

different technique, Grotberg et al.(1980) assessed the viscoelastic 

properties of isolated lobes of adult dogs during mechanical ventilation and 

obtained similar results though in roughly half of the lobes tested, 

hysteresis area also varied with frequency. These ~tudies indicate that 

changes in the dynamic mechanical behavior of the intact lung are consistent 

with the viscoe1astic eharaeteristies of the parenchyma and surface active 

layer. 

In two previous studies on isolated lungs from newborn pigl,et,s 

(Sullivan and Mortola, 1985) and kittens (Sullivan and Mortola, 1986) 

dynamic lung compliance was found to be ,les~ than the corresponding statle 

eompliance. From the frequency response curve of dyna~ic complianc~Jt, 

appeared that an abrupt decrease in lung comp1iance occurs at low 

frequencies of ventilation, fol10wed by negligible changes up to 110 cpm 

(Sullivan and Mortola, 1986). In comparison, ,the frequency response of 

dynamic compliance obtained from the 1ungs of adu1t cats showed a slmi1ar 

pattern at low frequencies but the difference between statie and dynamie 

eompliance was less pronounced. The ratio Cdyn/Cstat, at the lowest ) 

frequency of ventilation correlatea with the rate of stress relaxation in 

that Cdyn/Cstat was smallest in lungs which exh~bited the greatest stress 

relaxation. Since this relationship is predictable on the basis of linear 

viscoelasticity, it i5 apparent that age related differences in lung 

viscoelasticity are responsible for the smaller value of Cdyn/Cstat in the 

o 
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newborn. lt 1s of interest to note that the re1ationship between static and 

dynamic compliance i8 not unique to the lung but also applies ta the dynamic 

and static e1astic ~odu1us of arteries (Bergel, 1961)'. Moreover, the 

difference appears to be greater in arteries which exhibit pronounced stress 

relaxation (Tanaka and Fung, 1974), 

The results of this study indicate that the dynamic mechanical 

behavior of the resplratory system ls similarly afffected by its 

viscoelasticity. As anticipated from studies on isOlated lungs, the 

magnitude of Cdyn/Cstat during mechanica1 ventilation correlates with the 

rate of stress relaxation. Since respiratory system stiffness differ~ 

between dynamic and static conditions one may expect that its dynamic 

mechanical behavior will differ from that predicted on the basis of static 

or quasi-static maneuvers. This was demonstrated in newborn rats (Mortola 

et.al., 1985) in which the time course of passive deflation was determined 

by the duration of the preceding interval of maintained lung inflation. 

Presumably, while at constant volume, stress relaxation within the 

respiratory system increases its compliance ~hich, in turn, leads to an 

increase in the time constant of passive deflation (Sullivan and Hortola, 

1986). 

In conclusion, age related differences between Cstat and Cdyn are in 

agreement with that expected due to changes in the viscoelastic proeprties • 
of the resplratory system. The results indicate that the dynamic mechanical 

properties of the réspiratory system, like the lung, differ from those 

predicted on the basis of static or quasi-static -measurements. 
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, 
SUHMARY 

The viscoelastic properti8s of/the rat t'espiratory s~tem were 

ana1yzed using a linear model of viscoe1asticity originally proposed by Fung 

(1972) toi describe the b.ehavior of tissue strips strt.tched in one dimension. 

The model was fit ta the mean stress relaxation curves obtained from rats 

of different age and subsequently used ta predict rate dependent changes in 

the passive recoil pressure of the respiratory system for various rates of" 
~ 

inflation. Predictions based upon the model were generally 1arg~r than menn 

experimental values. a1though the average difference between predicted and 

actual values was on1y 9.0~4.7 , (n-15) of the experimental values. The 

• close correlation between experiment and theory suggests that viscoelastic 

proper~ies of the respiratory system may cause rate dependent changes in lts 

compliance independently of mechanisms affecting the distribution of 

ventilation within the lung. 

î 
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INTRODUCTION 

In a reeent study of the passive meehanica1 properties of the rat 

r~spiratory system, we observed that the rate of stress relaxation, measured 

as the time dependent deeay in transrespiratory system pressure, was similar 

among rats of the same age (Sullivan and Morto1a, 1987 ). For rats of 

different age, the 'rate of stress relaxation correlated with the differenee 

between statie and dynamie eomp1ianee, suggesting that rate dependent 

changes in the eompliance of the resplra~ory system are due to its 

viscoelastie nature. A differenee between statle and dynamic compLlanee, 

however, May be eaused by other mechanisms, notably those iRvolving the 

distribution of ventilation within the 1ung, (Otis et al., 1956; Mead, 1969, 

Jackson and Watson, 1982). Furthermore, although stress relaxation and 

compliance are interre1ated (Fung, 1981), it Is not c1ear whether the rate 

of stress relaxation within the respiratory system ls sufficient to cause 
~ 1 

the observed changes in eompliance. To determine the extent to which the 

comp11an~e of the rat respiratory system May be affected by its relaxation 

charaeteristics, the relationship between stress relaxation and compliance 

was analyzed uslng a hypotheticai model of the respiratory system based upon 

linear viscoelastic theory. The resu1ts are presentèd in this study. 

Predictions obtained from the model suggest that rate dependent changes ~n 

-the eompliance of the respiratory system can be aeeounted for, in part, by 

its viscoelastic characteristics. 

----~ 
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-o MATERIALS AND METHODS 

Stress Relaxation Complete details of the protocol are given in a 

previous study (Sullivan and Mortola. 1987 ) •• Data vere ob1:a1.ned from young 

~ats between 6 hours and 40 days old separated into three groups accord1ng 

to age (Table 5.1). Each rat vas kil1ed vith an overdose of pentobarbito1 

sodium (i.v or i.p) tracheotomized. cannulated and placed inside a 

p1ethysmograph filled with saline (0.9 gm \) at room temperature (22-24oC). 

Lung volume vas regu1ated by varying the amount of saline in the 

p1ethysmograph with a syringe and changes in mean transrespiratory system 

-pressure (P) were monitored using a saline filled transducer ,djusted to 

measure hydrostatic pressure at the levei of the thorax (Figure 5.1, Left). 
" 

o To obtain a single stress relaxation response, vo1ume history vas first 

standardized by three infl~t~ons to a P of approximately 20-25 cm H20 then P 

vas reduced to zero .. ~ecause of stress recovery folloving the three 

inflations (Sharp et al .• 1967), a steady record of P vas usually obtained 

vithin 2-3 minutes at which time 1ung volume was abruptly i-ncreased by 

vithdrawing saline from the plethysmograph and the decay in P due to stress 

relaxation vas recorded for thirty seconds (Ftgure 5.1, Right). Each volume 

step (Vs) began at approximately the resting volume of the respiratory 

system (i.e P - 0) and the size of the volume step vas varied to produce 

changes in P at the end of inflation of between 2-8 cm HiD. The duration of 

inflation for each volume step vas approximately 200 ms. The average 

duration of a11 experiments. from the moment the anesthetic vas adminlstered 

o 
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TABLE 5.1 

AGE 
GROUP 

0-1 

4-6 

30-40 

N 

6 

7 

8 
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PHYSICAL CHARACTERISTICS OF EACH GROUP OF RATS 

STRESS RELAXATION 

AGE 
days 

o 3 

(0.3) 

4 8 

(0.5) 

33.4 

(3 3) 

\.1EIGHT 
g 

5.8 

(0.7) 

12.0 

(1. 8) 

102 

(19) 

Vs 
ml 

o 05 

(0.01) 

o 08 

(0 02) 

o 3 

(0 1) 

N 

4 

5 

4 

AGE 
days 

o 4 

(0 2) 

4 6 

(0 5) 

37 

COMPLIANCE 

WEICHT 
g 

5 5 

(0 5) 

9 5 

(0 7) 

116 

(0 5N (5) \ 

Physica1 characteristics of the rats used to determine the stress 

V/Ti 
mIls 

o 20 

(0 04) 

o 38 

(0 07) 

I 92 

(0 13) 

relaxation response and compliBnce of the respira tory system at different 

ages. Vs is the size of the step inflation and V/Ti is the highest rate of 

inflation during mechanical ventilation Values o~ age and weight. Vs and 

VjTi are group means with one standard deviation in parentheses. N is the 

number of rats in each group. 

\ 
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Flgure 5.1 Left : Schema tic of the saline filled pIe thysmograph 

used to determine the stress relaxation response of the rot 

. 
respiratory system P, transrespiratory system pressure; V; 

flow. Further details are provided in the text 

Record of the stress re laxa t ion re sponse f 0 llowi ng /ln 

abrupt 'infla tion Seale bars provide calibration of timE' 

and transrespiratory system pressure The int,:erval between 

the three large inflations and the volume step has been 

shortened in this illustration 

o 
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to the end, was approximately 150 minutes. 

To analyze the stress relaxation response obtained from a single rat, 

relaxation curves were digitized at 200 ms intervals hetween 0 and 6 

seconds. at 500 ms intervals between 6 and 10 seconds, and at 5 second 

inteDTals between 10 and 30 seconds. Each digitized curve was normalized by 

dividing the change in P at every time point by the change in P measured at 

about the instant of zero airflow: Average curves for each group of rats 

were obtained by coJputing the group mean of the normalized change in P nt 

each time point From each mean curve. the rate of stress relaxation was 

computed from the best fit solution of the equation 

P(t)/Po A + R*ln(t) 

t 
where P(t)/Po is the normalized change in transrespiratory system pressure,. 

R is the rata ·of stress relaxation, and A is constant 

Dynamic and Quasi-static Measurements Of Recoil Pressure The 

static and'dynamic recoil pressures of the respiratory system were 

deterJl'ined in another set of rats of similar age (Table 5.1). Each rat was 

killed with an overdose of pentobarbitol sodium (1. p or 1. v), tracheotomized 

and cannulated with a small pneumotachograph cannula (Mortola and Noworaj, 

1983). Volume historj was standardized by three inflations to a P of 20-25 

cm H 20 and the lung was ventilated at 100 cycles per minute (cpm) with an 

end inflation P of 5 cm H 20, The change in P dur ing each cycle of 

ventilation was obtained from changes in tracheal pressure using a pressure 
--=-
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transdueer eonnected to a side port on the eannulll and airflow (V) was 

obtained from Il differential pressure transducer and 

pneumotachograph-cannula. Changes in lung.volume were derived from 

electrieal integration of the flow signal and corrected for gas compresio'n 

wi thin the apparatus (see APPENDIX 2) 

The frequency response of the rat respiratory system was determinerl 

for frequencies of ventilation beJ.,een 20 and 100 epm. A~ each frequenry, 

lung volume history "las first standardized by three inflntions ta n P of 

\ 
between 20-25 cm H20 and the stroke volume of the venttlator was ndjustpd to 

provide the same change in lung volume observed at 100 cpm The dynllmic 

recoil pressure of the respiratory system at eaeh frequeney of venti laUon 

( 
was measured at the instant of zero airflow at the end of inflation. 

The quasi-statie pressure volume behllvior of the rat respirntory 

system was determined by connêcting a calibrated syringe to the trnch<>n'l. 

eannula and inflating the lung in steps, beginning eaeh step nt the restlnt', 

volume of the respiratory system. For eaeh volume inerement, the lllng loin'; 

inflated four consecutive times and at the end of the four th inflatlqn, lung 

volume was maintained constant for 15 seconds at which time the 

eorresponding change in traeheal pressure was reeorded. Lung volume wa" 

obtained from the change in syringe volume corrected for gas compress ion 

within the apparatus. To compare values of dynamie and quasi-statie reeoil 

pressure, the quasi-statie reeoil pressure of the respiratory system was 

determined for the same volume change observed during periodic ventilation 

from the plot 'Of quasi-statie pressure against volume . The average d·urnt ion .. 

-
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of aIl experiments in this part of the study was 90 minutes from the moment , 
the anesthetie was administered. 

THEORETICAL 

The response of a linear viscoelastic mat~rial to an imposed stretch 

may he described as a hypothetical comblnation of separate elastic and 

-viseous components given by 

F(x,t) E(x)*G (t) , G(O) - 1 [5 1] 

where F(x, t) is the resulting force, E{x) is the elastic response to nn 

instantaneous stretch, x, and G(t) is the reduced relaxation fune t ion , . 

" (Fung, 1972). If Bnother step stretch is imposed on the material at some 

time tl following the initial stretch, then the total force is given by 

F( t) E(x)*G (t) + E(xl)*G(t-tl) [5.2 J 

That is, the total force i5 the sum of the forces generated by the initial 

stretch and by the second stretch with the relaxation functiQn having 

decreased over the interval (t-tl). For an infinitely smaii time interval 

the stretch history may' be described by the Integral 

F (t) == E J: G (t-T) d;'~) dt' [5.3] 

o 
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where dx(t)/dt is the rate of stretch. -
To establish the extent to which stress relaxation within the rat 

resplratory system correlates with changes in lts recoll pressure, we 

propose a hypothetical model of the respiratory system based upon lincar 

vlscpelastlc theory. The recoll pressure of the hypothet lcnl sys tem 1s 

determined by the rate it is inflated ln.the same manner that tension in n 

strip of viscoelastic materlal ls affected by the rate 1 t 1s stre tched 

Accordingly, during perlodlc ventilation, the change in recoil pressurp of 

the resplratory system ls given by an adapted form of Equation 5.3, nnmely 

P (t) E S: G(t-TI d~~TI dT 

where E is the instantaneous elastance of the respiratory system Analor,olls 

to the elastic response in Equation 5.1 and dV(t)/dt i5 the rate of\~rnp 

? 
change. For each cycle of ventilation, the rate of inflation is assumed to 

be approximately constant or 

dV( t) / dt AV / Ti [5 5] 

where AV is the change in volume and Ti is the duration of inflat ion 

Substituting Equation 5.5 into Equation 5.4, the dynamic recoil pressure 

(Pd) at the end of inflation becomes 
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Pd(Ti) ::: E(AV)J
Ti 

G(u)du 
Ti 0 

[5.6] 

To compare the response of the hypothetical system to different rates of 

inflation with its quasi-static behavior, the quasi-static reeoil pres~ure 

(Ps) following a step inflation may be estimated from 

Ps (t=15) ~ E(t.V) *G(t=lS) [5.7] 

where t - lS seconds is the duration of maintained lung inflation used to 

d~termine the quasi-statie recoil pressure of the rat respiratory system. 

If the change in lung volume under both conditions is the same, then the 

ratio of recoil pressures becomes 

Pd 
Ps 

l fTi 
-;- G(u)du 
Tl 0 

G(t=15) 
[5.8 i 

"l't'tus, the ratio of recoil pressures 19 determined entirely by the relaxation 

funètion G(t) which describes the stress relaxation characteristics of the 

respiratory system. 

Determination Of The Redueed Relaxation Function The stress 

relaxation response of the rat respiratory system is approximately 1inear 

when plotted against the natural logarithm of time and may be described by a 

relaxation funetion which features a continuous distribution of retardation 

times such as the one proposed by Fung (1972). To characterize the viscous 
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nature of the rat respiratory system we have adopted Fung' s general1zed 

reduced relaxation function which May be stat~d as 

G(t) 
l+c [El (~) -, El (~)] 

[5.9J 
l+cln (T 2/T 1) 

where C, Tl and T2 are constants and El (x) Is the exponentl11l Integral 

f
oo -t 

El (x) = ~ dt 
x t 

[5 10] 

which 15 ta~1ated (Abramowltz and Stegun, 1964) For a long relaxation. 

Equation 5.9 simplifies to 

G (00) 

whereas for Tl < < t < < T2 

G (t) 

l 

l+cln(::) 

l-C~-Cln( %) 
l+Cln(: :) 

~ = 0.57722 

Differentiating Equation 5.12 with respect to ln(t) results in 

dG(t) 

dlnt 

-C 

[5 11] 

[5.12] 

[5.13 ) 

where 1{ 1s the slope of the normal1zed stress relaxation curves shown in 

Figure 5.3. To fit the relaxation function to data, initial estimat:es of 

the function paramters C, Tl and T2 were calculated using equations 5.11, 
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5.12 and' 5.13 and values of Rand G(30) derived from the data (Table 5.2) 

Optimal values of these parameters were determined using a nonlinear 

regression analysis program whieh utilizes a 1east squares algorithm to 

minimize the difference between observed and predicted values. 

RESULTS 

Examples of quasi-static pressure-volume eurves from rats of different 

1 
age are presented in Figure 5.2 to illustrate the approximately l inear 

behavior of the respiratory system for small changes in lung volume. The 

circled points in these graphs represent the change in transrespiratory 

system pressure and lung volume at the end of inflation during mechanieal 

ventilation at about 16 epm. In each case, the increase in reeoi l pressure 

that occurs during mechanieal ventilation is apparent from the position of 

these points with respect to the quasi-statie pressure volume curve. Figure 

5.3 shows the mean stress relaxation curves obtained from each group of rats 

and the fit (continuous Hne) of the reduced relaxation function, G(t). The 

corresponding function parameters are given in Table 5.2. By substituting 

the values of these parameters into Equation 5.8, predieted ratios of 

dynamic to stat!c reco!l pressures Pd/Ps, were computed for a range' of 

inflation intervals (Ti) (see APPENDIX 4). The results are shown in Figure 

• 
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FIGURE 5.2 Quasi-statie pres;ure-volume charaeteristics of the 

respiratory system from three rats of different age, 

AP, the change in transrespi ratory system pressure; IJ. V, the 

change in lung volume, Each point is the mean of three 

trials and the bars are standard deviations (~ 1 S D) Th~ 

circled points are the mean values (n- 5 cycles) of P and 

V at the end of inflation dur~ng periodie ventilation nt 

approximately 16 cpm. 



5-15 

c 

.. 
111 

'011 

4-6 OAYS .. 
• .. ,.... ... 

'-' 
1'0 

C .. 
• S 

1.011 

30-40 OAYS 

110 

110 

.. 
110 

• 
0.1 tO 1110 

TIME (s) 

FIGURE 5.3 The fit of the reduced relaxation function G(c), 

(continuous line) , to the mean sGfess relaxation response 
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TABLE 5_ 2 FUNCTION PARAMETERS FOR EACH GROUP OF RATS 

0 
AGE R G(30) C Tl T2 

(days) 

o - l 0.077 0.58 0.133 0.060 210.0 

(0.005) (0.03) 

4 - 6 0.092 0.50 0.192 o 099 150.0 

(0.01l) (0.05) 

30 - 40 0.068 o 62 0.110 0 090 2% 0 

(0.004) (0 03) 

Values of C. Tl and T2 of the reduced relaxation function for each group of 

rats. R 1s the mean slope of the normalized s~ress relaxation curves wi th 

one standard deviation (SD) given in parentheses. GOQ) i5 the fraction of 
.1 

viscoelastic response remaining at 30 seconds fo110wing the step' inflation 

o 
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-" 
5.4 ",here the predicted values (continuous Une) are plotted along wlth 

experimentally determined values. In aIl three groups prédicted values of 

Pd/Ps are generally larger th an the exper1mentally determined values, 

although the average differenèe between the two Is only 7 % (..:':.5 S.D, n-

5) of the experimental value in 0-1 day olel rats: 8% ( ..:':.4) in 4-6 day old 

rats and 12% (2:.4) in 30 - 40 day old rats. Possible causes of these 

differences are discussed ln the following section. Note that rate 

dependent changes in the predicted ratio roughly follow the general trend in 

the experimental values whidl ls indlcated by the significantly different 

values of Pd/Ps between the slowest and fastest rates of inflation. 

DISCUSSION 

Many biologiea1 tissues are viseoelastie and exhibit stress , 
relaxation, creep, stress-strain hysteresis and frequency or rate 

dependent changes 1n elastic modulus (Fung, 1981) _ For structures such 

as arteries (Peterson et al., 1960), bladders (Remington and Alexander, 1955),. 

and lungs (Hildebrandt, 19691), the viscoelasticity of the individual tissue 

components causes time or rate dependent changes in the relationship 

between transmural or inflating pressure and volume which may be d~scribed 

by empirical models of viscqelastic i ty. Though models of this sort gener-

Ally do not reveal the mechanisms responsible for the viscoelastic pro

perties of the organ; they cin provide a unifying theory to account for i ts 

mechanical behavier under a variety of condi tiens _ In the present study, 

-------------~. -
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FIGURE 5.4 Ratios.of dynamic, Pd, to static Ps, recoil pressures 

of the rat respiratory system for each age group. Ti is 

the duration of intlation during periodic ventilation. 

o Each point is the mean ratio and the corresponding bars 

are ± 1 S .D. SoUd Une : behavior of the hypothetical 

respiratory system predlcted us,"ng equation 5.6 and the 

average stress relaxation response of the rat respiratory 
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the pass1ve mechanlcal behavlor of the rat resplratory system was compared 

to the behavlor of a v1scoelastlc model exh1b1tlng simllar relaxatlon 

character1stics. Pred1cted çhanges ln the recoil pressuré of the model 

were close to actual values obtalned exper1mentally, suggest1ng that rate 

dependent changes ln the passIve recoll pressure of the rat resplratory 

system can be explained, w,n part, by .1- ts vlscoel<1stlc nature. The 
• 

practlcal slgn1f1cance of these, results 1S that frequency dependent chanqes 

r • 

ln the mechan1cal propert1es of the resp1ratory system can occur 1ndepen-

dently of mechanisms (Ot1S et al., 19:6; Mead, 1969; Jackson and Watson, 

l 
1982) affecting the d1str1but1on of ventllat10n wlth1n the lung. 

Although sorne of the var1at1on between the pred1cted and actual values 

of Pd/Ps may be attributed to the fact that relaxatlon rates and values 

l 

-of Pd/Ps were obtained from dlfferent sets of rats (Table 5.1), lt i5 

apparent from F1gure 5.1 that the model 5ystematlcally over-estlmate5 rate 

dependent changes ln recol1 pressure for aIl three age groups. Tt is un-

11kely that the dlfferences are caused by the effect of resplratory system 

Inertance on measurements of compllance (Dosman et al., 1975) because the , . 

fastest rates of inflatl0n oh:8erved in each group of rats (Table 5.1) are 

comparable or less than the rates of Inflatl0n observed ln the spontaneously 

breathlng rat at rest (Mortola, 1984; S. Okubo, personal communicatl0n). 

At these rates of inflatl0n, the contrlbution of Inertla IS negliglble and 

the"mechan1cal behavior of the resp1ratory system may be characterlzed by 

ItS v1scoelasticity and a1rflow reslstance (Crosfll] and Wldd1combe, 1961) 

Alternatively, the discrepancy between observed'and experimental values may 

. 
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he due to differences in the volume history used to standardize measure-

ments of Pd, Ps and R. 

The viscoelastic characteristics of the respiratory system (Van de 

Woestijne, 1967) and lung (Nagao et al., 1969) are sensitive te the 

history of volume changes that precede the moment at which these character-

istics are measured and reproducible measurements are generally obtained 

only after volume history has been standardized by repeated inflations to 

a preset lung volume or transpulmonary pressure. This procedure is ana-

logous to a precess known as preconditioning (Fung, 1981) in which an 

isolated tissue strip is stretched to a preset test length several times 

before measuring its material properties. In the present study, the rate 

of stress relaxation was obtained from a single, rapid inflation after a 

period of time at the resting volume of the respiratory system whereas the 

corresponding dynamic and static recoil pressures were recorded after 

several inflation cycles. For strips of alveolar tissue, the rate of stress 

relaxation following a s~ngle, unèon~tioned stretch i5 greater than that 

observed fo11owing several stretch cycles (Fukaya et al., 1968; Sugihara 

et al., 1972) indicating that the viscous component is reduced with cycling. 

An analogous phenomenon occurs in iso1ated lungs in which the pressure-

volume hysteresis of the first inflation cycle is greater than in subsequent 

cycles (Horie and Hildebrandt, 1973). Since these characteristics of 

pulmonary viscoelasticitYare aiso present in the respiratory system (Sharp 

et al., 1967; Van de Woestijne, .1967), it is likely that the rate of stress 

relaxation.obtained following a single inflation of the respiratory system 
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is greater than that occurring after several inflation cycles. Consequently, 

c predictio~s based upon the relaxation response to a single inflation will 

tend te overestimate the steady state changes in recoil pressure during 

continuous ventilation. 

Another factor which may affect predictions based upon the relaxation 

resp~nse is the non-llnear nature of respiratory system viscoelasticity. 

Most viscoelastic tlssnes exhib,it non-linear material properties which cannot 

he accounted for by linear vlscoelastic theory (Fung, 1981). Amonq these 

is the tendency of the rate of stress relaxation ta vary over Jang time 

intervals (e.g. Tanaka and Fung, 1974). As noted in a previous study 

(Sullivan and Martola, 1987 ), the :'initial relaxation response of the rat 

respiratory system deviates slightly from the remaining cu~e, suggesting 

that the rate of ~tress relaxation is not constant but varies with the 

c duration of maintained lung inflation. If sa, then the rate of stress 

relaxation (R) determined over the time lnterval of 0.2 ta 30 seconds 

fdllowing lung inflation may only approx~ate the viscous characteristics 
, . 

of the respiratory system for shorter time intervals, including its res-

1 

panse to rapid inflations. However, it is \oo'Orth noting that the rate of 

stress relaxation wi thin isolated lungs of adult cats is approximately 

linear from 0.1 ta 50 seconds following rapid 1ung expansion (Hilde-

brandt, 1969a). This sugges.,s tr,lt variations ln the rate 

" .' 
wi thin the rat respira tory system may he due to non-linear 

of relaxation 

tissue proper-

ties of the ahest wall. 

Despite age related differences in the rate of stress relaxation, it 

, 

/ 
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is apparent from Figure 5.4 that the dynamic recoil pressure of thlt res-

piratory system varies rather slowly with the rate of inflation within 
ft 

each age group. In 4 to 6 day old rats for example, rate dependent 

changes in the dynamic recoil pressure are greater than those observed 

in the two other groups, and yet the mean dynam~c recoil pressures at the 

slowest and fastest inflation rates differ by only 13 \. SinC'e these in-

flation rates correspond roughly to a 7-fold difference in the frequency 

of ventilation, it is unlikely that the vlscoelastic properties of the 

respiratory system would cause substantial changes in its compliance over 

the range of breathing frequency observed in the spontaneously brea thing 

rat at rest. On the other hand, the viscoelastic properties of the res-

piratory system may have an important influence on impedance measurements 

which generally employa wide range of ventllation frequencies. In a re-

cent study of respiratory system impedance, lIantos et al. (1986) observed 

that the effective compliance of the chest wall and respiratory system 

fell with increasing frequency between 0.25 and 5 Hz. They attributed this 

behavior to regional differences in tissue properties. In view of the re-

sults of this study, it is possible that part of the 10ss of compliance 

may be attributed to _t:!1~ ~ffect of tissue viscoelasticity. 

The viscoelastic behavior of the respiratory system:reflects the com-

bined mechanical properties of the chest wall and lunq (Sharp et al., 1967; 

Van de Woestijne, 1967). Of these, it appears that the lung is the princi-

pal source of the viscol\s component primarily by virtue of i ts surface 

active layer at the air interface. Abolishing this interface by fi11ing 
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the lung with a salt solution not only substantially reduces stress re

laxation and pressure-volume hysteresis in isol6ted lungs (Horie and 

Hildebrandt, 1971; Lorino et al., 1982) but a1so reduces hysteresis 

within ~ntact preparatl.ons of the lung, rib cage and diaphragm by abQut 

50% (Barrow, 1986). Several studles (Bachofen, 1968; Hildebrandt, 1969a; 

Bachofen and Hlldebrandt, 1971; Horie and Hl.ldebrandt, 1973) have demon

strated that lung stress relaxation and the pressure-volume hysteresls 

generally lncrease wlth lung volume, l.ndlcating that the contrlbutl.on of 

the surface active layer varles accordlng to volume. Slnce surfactant 

covers m6st of the lnternal surface area of the lung, lts contrlbutlon 

may more accurately refleçt the changes in surface area that accompany 

changes ln lung volume (Forrest, 1970). 

To examine how lung morphology varles in comparison to the rate of, 

stress relaxatl.on with1n the respiratory system, age related changes in 

the surface to volume ratio of the rat lung obtained from Burd et al. 

(1974) were plotted along with changes ln the rate of stress relaxatlOn 

1n Figure -S. 5. Nbte.that the smallest surface to volume rat10 occurs at 

approximately the same age as the fastest rate of stress relaxatlon, and 

that variations in the surface to volume ratio in rats between land 21 

days old are roughly inversely related to changes ln the rate of stress 

relaxation. The coincidence of changes in stress relaxation with changes 

in lung morphology suggests that the viscoelastic characteristics of the 

respiratory system are influenced by the surface to volume ratio of the 

lung. If so, then it appears that the viscoelastic behavior of the res-
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FIGURE 5.5 Comparison of &ge related changes in the surface to volume 
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rat1o, SA/VL of the lung with changes in the rate, R, of 

stress relaxation of the rat respiratory system. Mean 
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piratory system and lung is determined nct only by the combined visco-

elastic properties of the different tissue elements and surface active 

layer but also by the internaI structure of the Iung. This may have __ 

sorne bearing on the observations by Haber et al. (1983) that lung dis-

tensibility is directly proport10nal to the mean linear intercept of 

its a1rspaces and thus 1nversely~proportional to the surface to volume 

rat10. 

In conclusion, rate dependent changes 1n the pass1ve reco1l pressure 

of the mechanically ventilated rat resp1ratory system have been compared 

to the behavior of a Ilnear vlscoelastic moael exhlblt1ng slm11ar relaxa-

tion characterl9tics. The close correlat1on between experiment and theory 

suggests that frequency dependent changes 1n the dynamic compliance of 

the respiratory system can result from its viscoelastic properties rather • c than mechanisms involving the distribution of ventilat10n within the lung. 

o 
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SUMMARY AND CONCLUSIONS 

The respiratory system of the newborn 15 characterlzed by a hlgh 

chest wall/lung compliance ratlo which encourages distortl0n of the chest 

durlng spontaneous breathing. Though there lS evidence WhlCh sugqests 

that the work 'of breathlng lS Jncreased ln dlstorted breathlng, the extent 

to WhlCh thlS lncrease may be due to changes ln the lungs' mechanlcal 

properties caused by deformatlon lS not known. Slnce an analysls of the 

effect of lung deformatl0n in V1VO is compllcated by variations ln pleural 

pressure caused by chest wall dlstortion, the effect of lung deformatlon 

upon lts quasi-statlc and dynamic compllance was examlned in excised lungs 

of newborn piglets. 

The lungs were deformed by a vertical pleural surface pressure 
\ 

• gradient generated by immersing the lungs in saline. Quasi-static compli-

ance was measured from step inflations of the lung, and dynamic compliance 
1 

w~s measured between lnstants of zero-airflow during mechanlcal ventilation 
~ 

at 20 cycles per minute. Value~ _of compliance obtalned from the d~formed 

lung were compared to values obtained for the undeformed lung suspended 

from its trachea in alr. 

Quasi-static lung compliance was not affected by deformation indi-

cating that substantial airw~y, closure or atelectasis does not occur ln 

o . 
reglons of the lungs sub}ected to low or negative transpulmonary pressure. 

This behavior is similar to publlshed obseryations concerning the effect 

• 
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o of lung deformation 1n adults, and suggests that the lungs of the newborn 

adjusts to deformat10n by changlng shape wlth little change in volume. 

In contrast, dynarnic lung compl1ance was reduced by oeformatlon. The 

effect of lung deformat10n upon dynamic compliance may lnvolve changes in 

the d1strlbut10n of vent1latlon causeo by regional changes ln peripheral 

flow reslstanCe or compl1ance, both of WhlCh are llkely to occur ln thf> 

deformed lung. 

The decrease ln the dynamic compllance of the deformed 1 unqs rt'SU l ts 

1n an increase ln the work (PV) of mechanlca1ly ventllatlnq the lunqs and 

suggests that chest wall dlstortion ln the spontaneously breathinq newhorn 

may lncrease the external work (PV) of breathing. ïurthermore, Slnce 

variatlons ln dynamlc compllance reflect changes ln the dlstribution of 

ventllatlon, deformatlon may also alter ventllatlon-perfusion ratlos 

wlthln the lung and contrlbute to the changes ln arterlal P0
2 

that arcom-

pany paradoxical breathing 1n the newborn lnfant. 

The dynamic compliance of undeformed piglet lunqs was also less than 

ltS quasl-statlc compllance although dlfferences between the two were less 

pronounced than the dlfferences observed ln the deformcd lunqs. One ex-

planation for the dlfferences ln compliance involves stress relaxotlon 

wlthin the lung. Stress r~laxatlon is a feature of tissue vlscoelasticity 

and refers to the time dependent decay in stress that occurs when a tissue 

lS stretched and held ëlt a constant length. Wl th respect. to the l unq, 

stress reLaxatlon wlth1n the parenchyma and surface aative layer 15 ex-

., 
pressed as the t1me dependent decay ln transpulmonary pressure at constant 

o 
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volume. Because of the time dependent nature of transpulmonary pressure, 

lung compliance w111 vary according to the rate of 1nflation or the fre-

quency of vent11ation. 

·To examine whether the viscoelastic propert1es of the newborn lung may 

contribute to the d1fferences between 1ts quas1-stat1c and dynamic com-

pliances, exc1sed lungs from newborn k1ttens and adult cats were vent11ated 

at severai frequencies between approximately 10 and 110 cycles pe~ minute. 

Dynam1c lung compI1ance calculated at each frequency of vent11atlon was 

s1gnlflcantly less than the correspondlng quasl-statlc compllance ln new-

born and adult lungs. The mean dlfference however, was greater for the 

Iungs of the newborn. In both groups, lung compliance appeared to fall 

rap1dly at low ventilation frequencles then remalns constant up ta frequen-

cies normally occurring ln the spontaneously breathing anImal at rest. 

The large decrease ln lung compliance at low frequencies differs from the 

pattern of frequency dependence generally associated with changes ln the 

d1stribut10n of ventilation but is similar to the effect of viscoelasticity 

on tIssue stiffness or lung elastance. 

In addition, age related changes in the compllance ratio correlated 

with a decrease in the magnItude of stress relaxation. The relationship 
1 

/ 

between the lung's compliance ratio and stress relaxation indicate that 

its vlscoeIast1c properties are Ilkely respon~ible for differences between 

quasi-static and dynamic compllance and that the pronounced viscous nature 

of the newborn' s lungs causes greater chang,es in its compl1ance compared 

ta the adul t' s. 
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o Lung stress relaxatlon at constant volume reduces Its recoll pressure 

and thus the driving pressure of the onSet of passlve defiation. As a rc-

suIt, the time course of deflation may vary accordlng to the duration of 

precedlng lung Inflat~n. strate how lung vlscoelastlclty affects 

the time course of passIve deflat empirical function relatinq 

changes ln recoll pressure constant t", of passlvP rlpflat lon 

was developed from a sImple Ilnea vlscoelastic model. The equatlon pre-

dlcted that Increaslng the duration of maintained lung Inflatlon Incrpases 
j 

(# 
the time constant of the subsequent deflatio~. The magnItude of thr chanqp 

In~, was governed by the magnltude of stress relaxatIon suc~ that the more 

V1SCOUS lungs of the newborn showed greatcr changes ln l: than the adult's 

lungs for the same duratlon of Inflatlon. Predlcted changes ln T nue tn 

lung viscoelastlci ty agree Wl th publlshed ob~erva lIons concprnl nq t1\P pa',-

sive deflatlon of the rat resplratory system. ThIS suggests that the vis-

coelastic propertles of the lungs of the ncwborn cause ItS dynamic mech •. mi-

cal behavlor to dlffer from predicted beha~ior based upen quasi-statlc 

measurements. 

Age related changes ln the viscoelastic properties of the lung SUQ~cst 

that Slmllar changes occur in the mechanlcal propertH?S of the rp'-lpl ratory 

system. To examlne whether stress relaxatIon wlthln the re~plratnry ~y~tem 

varIes with age, rats between birth and 40 days old were tracheotom17ed, 

~annulated, and placed inside a saline-filled plethysmograph wlth the 

tracheal cannul~ extending through the wall. Lung volume was abruptly 10-

creased by withdrawing sallne from the p1ethysmograph and the resultinq 

o 
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stress relaxation, measured as the time dependent decay in transrespiratory 

system pressure, was recorded for 30 seconds. The decay in transrespiratory 

system pressure was approximately linear on ln(t) over this time 1nterval 

and the rate of stress relaxation was estimated trom the slope of the re-

laxatlon curve. The mean rate of stress relaxation lncreased w~thln the 

flrst week of llfe but thereafter decreased. At JO-40 days, the rate of 

streSs relaxation was less than the rate found 1n rats less than one day 

old. Changes 1n the rate of stress relaxat10n with age correlated wlth 

changes ln the comp11ance rat10 of the reSp1ratory system, ind1cating that 

dlfferences between qUBsi-stat1c ànd dynamic compliances at low ventilation 
q 

frequency are due to its viscQelast1c properties. 

Rate dependent changes 1n the pass1ve recoil pressure of the rat 

resp1ratory system were predicted from its relaxation characterlstics using 

an emplrlcal model of resplratory 

based upon the reduced relaxation 

system vlscoelasticity. The model ras 
function originally proposed by Fun~72) 

to describe the viscoelastic. p'ropertles of tissue strips and features a 

contlnuous spectrum of retardation times. Prediction based upon the model 

were close to experimentally.determined values, suggesting that rate 

dependent changes ln the dynamlc compliance of the rat respiratory system 

can occur lndependently of mechanisms involvlng alterations in the distribu-

tian of ventilation. 

" 



o CLAIMS OF ORIGlNALITY 

1. Deformation of excised piglet 1ungs by immerslon in saline does not 

affect its quasi-statlc compllance, indlcatlng that the lunqs of the 

• 1 
newborn can resist alrway closure and atelectas1S under conditlons 

of low or negative transpulmonary pressure. 

2. The dynamlc compllance of plglet lungs 1S less than ltq quasl-statlc 

compllance ln undeformed and deformcd state~, but the dlfference i5 

lncreased by deformatlon. ThlS bçhav10r sugqests that deformatlon 

affects the dlstrlbutlon of ventlla~on withln the lung, leadinq ta . ' 

an lncrease ln the work (PV) of ventilatinq the lunq and altcratlons 

in the ventilation-perfusion ratlO. 

3. The dynamic c~pllance of exclsed lungs from newborn kittens and 
p 

adult cats are less than their corresponding quasi-static compllances. 

The relatlve differences between dynamic and quasi-static compl1ance, 

expressed as the compliance ratio (dynamlc/static) 1S greater ln the 

lungs of the newborn than the adult. 

4. Lung stress relaxation, defined as the time dependent decay ln 

transpulmonary pressure at constant volume, lS greater in the newborn 

than the adult. The magnitude of stress relaxat10n ln newborn<, and 

adul~sois not affected by the ventilation frequencies between 10 and 

110 cycles per minute. 

o 
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( 
5. Age related changes in the compl~~ce ratio may be explained by 

changes in the magni tude 0 f stress relaxa tion wi thin the framework 

of linear viscoelastic theory. This suggests that the more viscous 

nature of the newborn' s lungs is responsible for the larger 

differences between dynamic and quasi~static compliances than is 

observed ln the adult lung. 

6. An empirical equation describing the èffect of ~1ntalned lung 
/ 

inflation upon the time course of passive deflation was developed 

from a simple model of lung viscoelasticity. Predicted changes in 

'-, 

the time constant of passive deflation are qualitatively similar to 

published observatio~s, suggesting that lung stress relaxation at 

constant volume prolongs the duràtion of deflation. 

c 
7. Stress relaxation within the respiratory system, defined as the time 

dependent decay in transrespira tory system pressure, is approxima tely 

linear on ln(t) up to 30 seconds following a rapid inflation in rats 

between land 40 days old. The rate of stress relaxation, estimated 

from the slope of the relaxation curve on ln (t), increases within the 

first week and thercafter decreases such that at 30-40 days, it is 

less than the rate of stress relaxation obtained from ra ts less than 

one day old. 

o 
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8. Age related changes ln the compll.ance ratlo (dynamlc/static) of the 

rat resplratory system correlate wlth changes in the rate of stresc; 

relaxatl.on, l.ndlcatlng that variatIon ln the vlsco('lastic propl'rtu:-<; 

of the respl.ratory system are responslble for d'l. fferences betwe<;n i ts 

quasi-statlc and dynamic compllance. , 

9. Rate dependent changes ln the dynamic recolI prec;surp of the rat 

respiratory system can be predlcted from Its relaxatIon chatactenstlcs 

uSlng an empIrlcal moclel of vl'.L·oc>ldc;tlClty bdSPct \lpon thl' rf:>c]u('l'(\ 

relaxatIon functlon proposeà by Funq (1972) to descrlbc ..,trcss 

relaxatlon ln tIssue strlps. ThlS suggests that rate dependent chanqe<; 

ln the dynamlc compllance of the rat resplratory system can occur 

lndependently of mechanlsms affectlng the dlstrl.butlon of ventilatlon 

wlthin the lung. 

o 
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APPENDIX l 

EVALUATING THE CONTRIBUTION OF AIR COMPRESSIBILITY TO 

.. CHANGES IN LUNG VOLUME 

o 
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SUMMARY 

The contribution of gas compression to measurements of pulmonary and 

respiratory system compliance is examined. For isothermal conditions, the 

magnitude of the measurement error depends upon the dead space of the 

recording apparatus, the resting volume of the lung, and the curvilinear 

nature of the pressure-volume relationship. Because the respiratory 

par~meters of lung volume and compliance are proportional to body mass, the 

measurement error does not vary greatly for isolated iungs from the newborns 

of different species However, for the srume fractional vOlum~ange in 

the resp1ratory system, the measurement error increases progressively with 

increas~ng mass due to the relatively stiffer chest wall in heavier species 

The results of the analysis indicate that the error in volume measurement 

during mechanical ventilation in kittens is about 3 %. 
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The compressibility of gas, K, i5 defined as the fractional decrease 

in volume per unit increase in pressure (Main, 1978) and is given by 

K ~ .dP 
P dV 

[Al. 1] 

At room tempe rature and atmospheric pressure air behaves as a perfect gas 

and variations of pressure and volume follow 

c [Al 2] 

where c is a constant and '6 is the ratio of hest capacities at constant 

pressure (Cp) and constant volume (Cv) The value of ~ depends upon whether 

air is compressed adiabatically or isothermally. For completely adiabatic 

compression 

1.4 
[Al.3] 

whereas for comp1etely isotherma1 compression 

[Al. 4] 

For intermediate conditions where compression is.neither completely 

sdiabatic or isothermal, the value of Y lies between 1 and 1.4 (Bargeton and 

Barres, 1969) 

To demon'strate the relationship between the compressibility of air 

given by (A1.1) and the ideal gas 1aw given by equation (Al.2) let 

[Al 5] 
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then 

and 

dV 
dP 

-v 
lP 

Al-4 

substituting this result into [Al.lJ gives 

1 K => 
n 

[A1.61 

[Al. 7 J 

[Al. 8 J 

The compressibility of air, therefore, t5 governed by the mesn ambient 

pressure. P. 

To determine the pressure-volume characteristics of a known volume of 

air in an airtight, highly stiff container. a calibration is performed by 

adding known amounts or air at ambient pressure to the container and 

recording the change ln pressure. 'Using 'this technique we arrive st a 

linear relationship between the added volume V and resultlng 

pressure P given by 

p' ... -fI(V [Al. 9J 

where 0( is the slope. Alternatively. 

V co 
0< 

- P' [A1.l0] 

where V 1s the change ln gas volume due to compression célused by the 
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increase in pressure P. The f1rst partial derivative of V with respect to P 

18 given by 

substituting equation [AI.7] into equation (Al llJ 

1 
0( 

v 
~P 

[Al. 11 J 

(Al 12] 

Equation [Al.12] indicates that if the volume of the system and the ambient 

pressure are known one can predict the volume change due ta air compression 

without a system calibration. The advantage of this relationship i5 that it 

allows us to calcula te the contribution of air compressibility for any 

-1 
hypothetical system. To show how well values of 0( calculated from (Al.12] 

compare with experimentally derived values, calibration curves for systems 

of known volume were obtained. Ini tially. the volume of the sys tem was made 

as small as possible by using short connections and a water filled pressure 

transducer To increase the volume of the apparatus. an alr transducer 

(AT) or a bot tle containing 50, 100, 200, ano 400 ml of air was added. 

Pressure-volume calibrations were performed on each system ano the slopes of 

the resulting curves were determined us1ng linear regression analysis. To 

-1 
compare value~ of 0( predieted from [Al.12] to the regress ion values, the 

maan barometric pressure (Patm) was assumed to be 760 mm Hg. Because a 

water-filled transducer was used and sinee the volume of air in the bottle 

was adJusted by displacing air with water at room temperature, the air 

within the system was saturated with water vapor. At an ambient temperature 
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o of approximate1y 240 C the pressure exerted by water vapor is 22 mm Hg and 

therefore the mean ambient pressure 19 approximate1y 738 mm Hg. n,e density 

of mercury ls 13.5951 times the densl ty of wa ter and so ,the mean ambient 

pressure, P, is equa1 to 1003 Cl]I H20. Assuming isothermal conditions (~ 

- 1.0), the slope of the calibration curve was predicted us1.ng [A1.12) for 

each of the system volumes used ln the experiment. In Table Al,l are shown 

-1 
the predicted values of 0( as well as those obtlÜ'ped from the regression 

analysis of the experimental data. The close correlation between theory 

and experiment shown in this taJle indicstes that the relationship described 

by (A1.IZ) 1s correct. As the system volume decreases below 200 ml however, 

there is an increase in the % error between predicted and experimental 

values. This devlatlon 1s caused malnly by thr'ee factors' 1) Vo is not 

included ln system volume; 2) the volume of the tube connectlng the bott1e 

to the transducer 1s not 1nc1uded in system volume and 3) the estlmated 

mean ambient pressure may differ from the actusl pressure present when the 

calibrations were performed. 

Mechantca1 Ventilation in Newborns 

Having estab1lshed a method to calculate the change in gag volume due 

to compression, lt remains to apply this method to experiments concern1ng 

the effect of gas compression on lung compliance during positive 

pressure ventilation. 

o 
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TABLE A.l.l COMPARISON OF PREDlcrED AND EXPERIMEm'}\L VALUES OF 0< 

System 0( -1 % volume % 

Volume 0( 0( -1 predic ted error predicted error 
cmH20/ml ml/cmH 2O m1/cmH 2O 

Vo 506.589 0 001974 2 

AT 28.125 o 0355 36 

50 17.897 0.0559 0.050 11 56 12 

100 9.404 0.1063 o 100 6 106 6 

200 5.095 o 1963 o 200 2 196 2 

400 2.593 o 3867 0.394 3 387 

( 
0( -1 Experimental and predicted values of and volume for each 

of 4 systems. Vo 15 the minimal system volume. AT; air 

transducer. 

o 
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A 

To do so, let 6 V he the actual change in lung volume, corrected 

for the compression of air. Then 

A 

AV "" AV + Vc (Al. 13) 

where 6.V is the recorded change iri volume and Vc is the volume lost 

due to air compression. From {Al. 7) 

Vc co 
V --
T ' -6P 

~p 

./ 

V
T 

i5 the total gas volume o~ the system and lung at ambient pressure 

and 6.P ls the change in pressure. The total ga5 volume can be 

resta ted as , • 

- Vo + Vr + 6V (Alo14 ) 

where Vo is the volume of the apparatus between the pneumotacho~raph 

and f the trachea, Vr is the resting volume of the lung, and AV is the , 

volume of gas to he displaced into the lung. Therefore, 

" ÂV - AV 

., 

( Va + Vr + D. V ) 6 p 

1rP 
(Alo1S) 
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For any volume step AV , the fractional of the change in lung volume that 

15 lost due to the compression of ai, is given by 

" V
T tN - llV 

* 
AP 

== [Al.16] 
/j.V ~p AV 

Let 

1\ 

AV - AV 
= AV [Al.17] 

then the fractional change in lung volume under isothermal conditions can be 

simplified to 

P AV ~. 1. 0 _ [Al.l8] 

\ 

Note that the value of Phi depends upon the total gas volume, the change in 

volume 6V and the corresponding change in pressure. BecAuse all three are 

c interrelated, we will consider the characteristics of Phi under two 

conditions. For the first condition, the pressure-volume behavior of ~he 

respiratory system or lung follows the form 

.1P ::0 KAV [Al.l9] 

where K is a contant. For the second condition 

AP [Al. 20] 

where A and B are constants. The principal dlfference between the two 

conditions ls the nature of lung compliaqce. In the former, compliance is 

constant whereas in the latter, it decreases with increasing volume. To 
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determine ho,", each of these 'conditions affects Phi, Equation [A1.19) and 

[A1.20) are substituted into equation (Al.16]. For (Al.19] this results in 

v 
....! * K 
P 

[Al. 21) 

To illustrate the effect of compllance upon Phi, consider two 

hypothetical lurrgs (1 and 2) having the characteristics shown ln Table Al. 2 

Each 1ung 13 subj ected to the same change ln transpulmonary pressure and 

attains the same final volume. The compliance of the second lung however. 

15 one tenth the compliance of the first 1ung and the fractiona1 change in 

lung volÙme due to air compressibility is ten time$ greater as a result. 

S111111ar1y, if both lung5 begin at the 5ame ini tial volume, the effect of air 

compression is greater in the less compliant lung (1 and 3). .. 
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TABLE Al. 2 EFFECT OF LUNG COMPLIANCE ON THE VOLUME 

LUNG 

1 

2 

3 

, . 

• 

-1 
K 

2 

0.2 

0.2 

Vi 

10 

19 

la 

, 
LDST DUE TO GAS COMPRESSSION 

dP dV Ve 

5 10 20 1 

5 1 20 10 

5 1 11 5.5 

Effact of lung compliance upon tha fractional loss of volume 

due to air co.mpressibil1ty. 
-1 K , compliance, mljcmH20; Vi, 

inital volume; clP, change in transpulmonary pressure, cm 

H20 clV, change in lung volume, ml; Vt total lung volume 1 

ml; %, percent of the recorded volume change that is lost 

due to the compress ion of àir 
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The effect of compliance on values' of Phi in di •• imilar lung8 la 

analagous to the effect of changes in compl1ance with lung volume. Figure 
, 

Al.l shows the quasi-static pressure volume curve of the paralyzed 
, 

respiratory system of an 8 day old puppy (at 35° C, P - 990 cm H20). The 

curve passing through the data repx::esents the bes t fit solution of equat10n 

[A1.20]. 
~ 

Substituting [Al.20] into [Al.~results in 

\ 

A (eBt:N - 1) 

AV [Al.22] 

Values of Phi calculated us1ng equation 22 are plbtted againstl!:>the change in 

lung volume is shown in Figure Al. 2. From this relationship , the ac tual 

8 
change in lung volume vas determi~ed and the corrected pressure-volume curve 

15 plotted as a dotted line in Figure Al.l The results indics te that the 

fil 

contribùtio compression to volume measurements in the respiratory 

sY!i.tem of t is small pa..t:.!:icularly at low lunq volume. 

concernin~ lung vlscoclasticity ln ncwborn kittens 

and aduit cats., xcised lungs "Sre inflated in steps, beginnlng cach 

step at a flxed transpulmonary pressure that was sl1ghtly abovc the re-

coi! pressure of the lung at its functional rcsidual capacity (FRC). 

To estimate the volume lost due to gas compression at each stcp; the ini tial 

gas volume of the lung was cstimated using published values of FRC (Fisher 

and Mortola. 1980) adjusted ;n proportion to the difference\ bctwecn 

PI
FRC 

and the ini,tial transpulmonary pressure of the exclscd lung. Values 

,of Phi were calculated using Al.ZI and recorded changes in' lun\g volume and 

transpulmohary pressure. Using this approach. the estimated volume lost 
<> 
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FIGURE Al 1 Quasi-static pressure volume curve of the respiratory 

system of an 8 day old puppy. POints are the mean of 

three trials and the corresponding bars are one S. D .. 

SoUd 1ine, best fit of equation (A1.20). Dotted 

11ne, the pressure volume curve corrected for gas 

compression 
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~o~----------------------------------------~-, 

4.0 

3.0 

2.0 

1.0 

6 VOLUME Cm l ) 

Variation in the value of Phi for the resplratory system 

shown in Figure Al. 1. The resting gas volume of the lung 

was estimated from Fisher and Martola t 1980) to be 

approx imately 20 ml. Dottcd circ1e: value of Phi calculated 

uSlng Al. 21 at a transpulmonary pressure of 5 cm H
2
0. 
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due to gas compression was about 3\ or lcss of the recorded volume change. 

Basic respiratory paramaters such as lung volume and comp1iance are 

proportional to body mass in' a large number of species (Spe lIs, 1970/71). The 

invariance of these parameters with respect to mass indicates dimensional 

and functional similarity wit:hin the respiratory system and lung among 

differerlf species. Slnce Phi is a function of lung volume and compHance it 

follows that it is also proportiona1 to body mass. To demonstrate the 

relationship bet~een Phi and body mass in newborns. allometric equations 

concerning the functional residual capacity of the newborn lung and the 

comp1iance of the respiratory system and lung derived by Fisher and Mortola 

(1980) were subst~tuted ~nto equation [A1.8J. For the l.solated lung th~s 

resulted ~n 

S9.61 * WO. 04 + 6P 
p 

and for the respiratory system 

11.78 *\JO.I07 +21P 

P 

S9.6l + [Al. 23 J 
p 

[Al.24) 

Thus, the magnitude of Phi 1s relatively independent of body weight for 

isolated lungs but increases progressiye1y with body weight for the 

respiratory system. This 15 due to the fact that the chest wall ls 

relatively stiffer in the newborns of heavier species (Fisher and Mortola, 

1981; Mortola, 1983) ~hlch causes the çompliance of the respiratory system 
1 

\ .. 

\ 
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per unit body weight to decrease with tncreaSing weight. The dotted circle 

in Figure Al. 2 illustrates relationship between values of Phi calculated 

using body weight and those calculated using equation [Al 20) for an 8 day 

old puppy. 
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APPENDIX 2 

THE FREQUENCY RESPONSE OF THE APPARATUS USED TO 

DETERMINE THE DYNAMIC COMPLIANCE OF THE NEWBORN . 

RAT RESPlRATORY SYST~ DURING MECHANICAL VENTILATION 
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SUMMARY 

The frequency response characteristics of an apparatus used to measure 

changes in lung volume and transrespiratory system pressure ln the newborn 

rat are presented. During positive préssure ventilation, gas compres&ion 

wi thin the differential pressure transducer used to measure airflow causes 

an error in the volume derived by flow integration. The magnitude of the 

error is reduced by a correction factor which describes the pressure -volume 

characteristics of the apparatus between the pneumotachograph and the 

animal. This correction factor dlffers from chat used Co correct 1ung volume 

obtained from static measurements. Frequency dependent behavior ls observed 

for integrated volwne5 of the order of 50 u1 but i5 small between 20 and 105 

cpm. 

In conclusion. pneumotachograph derived measurements in animaIs the 

size of a newborn rat are complicated by the fact that the volume of the 

system may be severai orders of magnitude greacer than the change in lung 

volwne. 
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INTRODUCTION 

At rest, ~born rats breathe with a tidal volume of roughly 50 ul and 

at frequencies of up to 120 breathes per minute (P. de Ste Rome, 

( 
unpublished observations). To record respiratory events of this magnitude 

in the mechanically ventilated rat, a pneumotachograph designed specifically 

for small animals (Mortola and Noworaj, 1983) was used as a tracheal 

cannula. This pneumotachograph consists of a narrow bore, stainless steel 

tube which serves as the cannula and 3 shorter tubes which are attached to 

the main tube at 90 degrees These short tubes are used to measure static 

pressure at different points along the main tube A differential pressure 

transducer connected to two of the side ports records the pressure drop 

caused by the flow resistance of the cannula and another pressure transducer 

connected to the third side port records changes in tracheal pressure. 

~lthough the frequency response characteristics of the pneumotachograph have 

been described, they were obtained at flow rates that exceed those 

anticipated in this study by at least one order of magnitude. Consequently, 

it is important ta de termine the response characteristics of the 

pneumotachograph at comparable flow ra~ __ _ 

Changes un tracheal pressure during each cycle of ventilation were 

recorded using a water filled pressure transducer normally used for 

measurements of blood pressure. The transducer was connected to a side port 

by a short length of tubing and filled with enough water so that the 

transducer and about half of the tube were fiiied. Airway pressure ls 
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transmitted to the pressure sensing diaphragm of the transducer across a , 

meniscus which forms in the tube at the boundary between the water and air. 

To calibrate the transducer, the air within the pneumotachograph was 

pressurized with an open end manometer and the sensitivity of the transducer 

was adjusted aecordingly. Because the water fl11ed transducer contains no 

air, it effeetively reduees the gas volume of the system. However, water 

fil1ed transdueers are not normally used to record changes in gas pressure, 

and so the frequency rcsponse of this transducer was also determined 

MATERIALS AND METHODS 

To assess the frequency response of the pneumotachograph and reeordlng 

apparatus, a sméll animal ventilator (Harvard Apparatus, model 380) modifled 

to deliver harmonically varying volume was conneeted to one end of the 

pneumotachograph and an airtight jar was attached to the other end. At 

ventilation frequencies of between 20 and 200 cycles per minute (cpm) , the 

change in volume obtained by electrieal Integration of the flow signal was 

maintained at approximately 50 u1 
~ 

by adjusting the stroke volume of the 

ventilator and the corresponding change in gas volume within the jar was 

calculated from the change in jar pressure. Ta elimlnate errors in jar 

volume due to frequency dependent conversion from primarily lsothermal to 

adiabatic conditions (Bargeton and Barres, 1969), shredded aluminum was 

placed in the jar. The high heat capacity of the aluminum together with lts 
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large surface area, renders pressure-volume transformations primarily 

isothermal (Greenfield, 1964) (Figute A2 .1). 

The frequency response of the water filled transducer was assessed by 

comparing its output to that of a conventional air-filled transducer 

(Statham model # 15184). Both transducers and the ventilator were connected 

to an airtight jar. . The. water filled transducer was at,tached to the jar 

using the same connections used to record tracheal pressure in newborn rats. 

At frequencies between 20 and 200 cpm, the stroke volume of the ventilator 

vas adjusted to maintain a change in pressure within the jar of 5 cm H
2

0 

measured using the air filled transducer while the output of the water 

filled transducer vas slmultaneously recorded. 

RESULTS 
\ 

Figure A2.2 shows the frequency response curve of the pneumotachograph 

in which the integrated volume is prese~pd as a fraction of the change ln 

jar volume. At all frequencies, Integrated volume vas significantly greater 

th an Jar volume, indicating that the pneumotachograph derived volume 
. 

overestimates the actual change in the volume of gas within the jar~ In 

addition, the integrated volume decreases slightly vith increasing 

frequency, the difference being about 10 , of the total change in volume at 

200 cpm. 

The frequency response of the water filled transducer 15 shown in 

Figure A2.3 where the change in pressure recorded uslng this transducer 15 

• 
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Left. Change in jar pressure when 0.08 ml air i5 

rapidly injected The peak pressure reflects primarily 

adiabatic conditions whereas the equilibrium pressure 

represents isothermal conditions. Right Pressure-

volume transformations within the same jar containing 

shredded aluminum. The volume step ls 0 08 ml. The 

large heat capacity of aluminum causes the temperature 

of the compressed gas to rapidly approach ambient 

f> r 
temperature. Bar provides time scale. 

• 
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FIGURE A2. 2 Frequency response curve of pneumotachograph derived 

volume. Vil A V; is the ratio of pneUD1otachograph 

derived volume to the actual change in gas volume. The 

crosses are raw data; Circles, data corrected for gas 

compression within the system. Each point is the Mean 

of 5 cycles. 

o 

1 



o 

1.50 

1. 40 

1.30 

1.20 
Ps 
~P 1. 10 

1.00 

.90 

0 .80 

.70 

.60 

.50
0 

FIGURE A2 3 

o 

A2-8 

2ZO 

FREClUENCY (cpm) 

The frequency response curve of the water filled 

transducer. PsI Ô P, is the output of water f1l1ed 

transducer as a fraction of the actual change ln jar 

pressure. Each point i5 th~ mean of 5 cycles. 
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presented as a fraction of the actual pressur,e change obtained from the 

Statham transducer. The overall ~havior of the transducer between 20 

and 100 cpm is good, indica~ng that the water filled transducer 

provides a reliable rerord of change in tracheal pressure. 

DISCUSSION 

1 

- \~ 

/ 
/ 

/ 
/ 

During mechanic~ ventilation, the pressure within the system 

increases as air flow~into the lung. the increase in pressure compresses 

the gas vith!n, the appjratus and lung whic~ results in a reduction in the 

original ~olume of ~ added ,to the system. Generally, ~a~ compression 

,within ~he system i~ taken into account only for static maneuvers where the' 
- ) 

actual change 'in lu~g volume depends upon the volume of the apparatus For 

small animal~such as newborn rats, however, an additional volume correction 

must be employed to corrèct for gas .compression during periodic positive 

pressure ventilation. The reason for this'is that the volume of the lung in 
, 

animaIs of this size is substantially less than the volume of the apparatus 

between the pneumotachograph and the animal. Figure A2.4 is a schematle of 

the apparatus in which each transducer and its connections are presented as 

a compone nt of total system volume. Note'that the volume of the system 

between the second side port of thè pneumotachograph 1s roughly equal to the 

• 
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sum of V2 and V3. For simplicity, we will assume t:hat the volume ,of these 

two eompartments is approximatley half of the total volume of ~he apparatus 

or 

V2 + V3 :::s 1/2 Vs A2.l 

where Vs is th~ total volume of the apparatus between the valve and th~ rat 

The statie pressure-volume eharacterlstics of the entire system ls given by., 
~ 

,dP 270 dV A2 2 

where dP is the change in pressure.in em H20 that occurs when a volume of 

air dV, in ml, is added to the system. From APPENDIX 1 

d'Il Vs 

) dP .~ -'ltP A2.3 

where '(... 1. 0 a~d P is am.bien t pressure. For half of the system volume 

dV Vs - :s---
dP 2~P 

A2.4 -, 

\ 
• or v 

.. 

AVe =-0.001841P A2.S 

" , 

~q~tion Al.S may be interpreted to represent the volume change due to gas 

compression withirr~he proximal half of the apparatus when the ~essura la . 

\ 

, . 
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altercd by dP. The actual change 1n lung or jar volume after correct1ng 

for gas compress1on with1n the system 1S g1ven by 

V1 - 0.0018 6P A2.6 

where V
L 

lS the corrected change in volume and Vl 15 the integrated 

volume. It 1S apparent from A2.6 that as Vl is increased for the sarne 

ÔP, the relatlve size of the correction term is reduced and eventually 

becomes negllglble. ThlS IS the case for animaIs larger in Slze, and 

hence ln absolute comp11ance, than the newborn rat. It may also explain 

why the dlfference between Vc and Vl was not observed ln a prevlous 

study of the pneumotachog_raph (Mortola and Nowora], 1983), presumabl y 

because the compl1ance of the box was greater than the jar used ln thlS 

study. For animaIs that are the Slze of a newborn rat, however, the 

effect of ga5 compres51on wlthln the system becomes substantlal. In the 

present study, the change ln lung volume for an ~nd-inflation 

tran5resplratory pressure of 5 cmH
2

0 is typically about 0.035 ml ln a 

rat-less than one day old. After correctlng for gas compresslon using 

A2.5, the actual change ln lung volume 15 about 0.026 or roughly 75 % of 

the change ln volume derived from the integrated flow signal. 

The correction factor given in .A2.5 is based upon the pressure volume 

characteristlcs of the entire system anQ the assumption that the volume of 

the apparatus between the pneumotachograph and the animal lS half of the 

total volume. Although this derivation served ta show the contribution of 

Ct 

11 



o 

o 

FIGURE A2.4 
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A2-12 

V1 

Schematic of the apparatus used to determine the static 

and dynamic properties of the rat respiratory system 

during mechanicai ventilation. Vi and V2 rep;-esent 

the differentiai pressuré transducer, and V3 

i8 the saline filled pressure transducer. 
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/ gss compression to the error in volume measurements, lt is only an estimate. 

An exact value for a correction factor wns determined experlmentally ln the 
't, 

fo11owing manner. The tube at the ventilator end of the pneumotachograph 

was clamped thereby sealing the system and the remaininq volume 

was cal1brated to give 

dV 

dP123 
3.66 X 10-3 

The tubes connecting the" differential pressure transudcer to the 

A2.7 

pneumotachograph were then clamped near the side ports to eliminate VI and 

V2 from the system. Calibrating the remaining system gave 

::1 Al.8 

From the rèsults of these two calibrations it appears that the differential 

pressure transudcer has a volume approximately five times the volume of the 

remainlng system and ls, therefore. the pcincipal component of system 

volume. Subtracting A2. 8 from A2. 7 one obtains the pressure-volume 

characteristics of the differentlal pressure transducer. Because only half 

of the transducer contributes to 'volume 1055 during periodic ventilation, 

tlle correction factor vas calculated as 

dV - . 
dP 

dV 
- + dP

3 
1 [dV dV J ï dP

123 
- dP

3 
A2.9 
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o 
or in terms of the change in lung volume VI 

Vl. - 0.00219 ÔP A2 10 

Figure A2. 2 shows the frequency response curve of the pneumotachograph 

corrected for gas compression using equation A2 .10. The error in integrated 

volume is reduced to 1ess than 3 % for frequencies of ventilation up to 105 

cpm. Since this is a1so the range of frequencies used to study the 

mechanical properites of the rat respiratory system 1 it is reasonable to 

conclude that pnewnotachograph derived volume corrected for gas <oO'mpression 
", , 

provides an accurate measure of the change in lung volwne in newborn r'8ts. 

FREQUENCY DEPENDENT EFFECTS 

Frequency dependent cha~ges in the output of the pnewnotachograph up 

to 105 cpm are small and may be neg1ected with practically no 10ss of 

accuracy (Figure A2.2), lt is of interest to note that frequency depandant. 

characteristics of the pnewnotachograph are due to different time constants 

of the two compartments within the differential pressure transducer. The 

time constants of each compartment is the product of lts compliance 'and the 

flow res is tance of the connecting tube. When attached to' the 

pneumotachograph, the flow resistance to one compartment is increased by the 

resistance of the cannula. As a result, the time con'ltants differ and cause 

o 
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frequency dep~ndent variation in the pressure within the compartments. 

Slnce the pressure difference 15 likely not affected by alrway pressure, this 

behavior Is a1so present when the pneumotachograph 18 used to record 

spontaneaouB breathing in the anesthetized rat. Like the effect of gas 

compression, however, the error in the volume signal ls constant and becomes 

negligible for larger vàlues of Vi 

, 
__ ~ ____ .b _________________ t 
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Upon occlpsion at end inflation, stress relaxation of the lung 

parenchyma and surface active film reduces the r~coi1 pressure of the lung. 

Assuming stress recovery has a smal1 effect compared with flow resistance 

upon the time course of deflation, the relationship between lung recoil 

pressure and the time constS'lt of deflation may be described by equation 3.5. 

Substi tuting equa tion 3.2 for G (t) and rearra~ ing the terms, one obtains 

dV -~ [ES + (l - Es) e-t~] dt. [A3.1 ] - .. 
v R 

which upon Integration gives 

-~[ES(t'- t)- T(l- ES)e-
t ' IT *(l_e(t'-t)/'I'J] ln 

[A3. 2] 

where VO is the initial volume of the lung, V(t) is the volume after a 

period of time. t. following release of the occlusion and t ' . is the duration 

of the'occlusion. Denoting everything within the square brackets as A and 

taking the exponentia1 of both sides, 
~ 

V(t) .. 
v e 

E --A 
R 

, 
the above equation becomes 

The effectIve time constant of passive deflation ,'t. can be 

expressed according to the formula described by Brody (1954) as 

V (t) 

V 
o 

• e 
(t '-t) /1: 

for t> t' 

[A3. 3] 

[A3. 4] 

Substituting this equation into the preceding equation and rearranging gives 

• 
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l (AJ.S) 

for (t - t')/T « l, the tem Exp(-(t-c' )(r) can he approximated using 

-x 
e - l -

2 
x + x 

2! 

3 
~+ 
3! n! 

or, using only the first two terms on the right hand side. 

e-Ct-t')/T C:: l - (t-t'l/T 

Substicucing into the preceding equation gives 

!.:::: E(Esl + E(l - Es) a-t'/!' 
1: R R 

[AJ.6] 

[A3.7J 

[A3. 8 J 

As t' approaches zero, the effective time constant approaches the time 

constant of the unoccluded breath such chat 

L 
R T o = - .. 
E 

[AJ.9J 

f 

"'ltlere 't'o 15 the cime constant of the unoccluded breath. Hence, 

't" 
1: 0 

= . 

ES + (1 - Es) 
-t/T 

e [A3.10] 
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To predlct changes in the passive recoil pressure of the rat 

~spiratory system for different rates of ventilation, the Integral within 

Equation 5.6 was evaluated using Simpson's Rule. According to this rule, if 

a function, f(x), is contlnuous on [a,b] then 

J: f(x)cJx - b ~ a * ( f(xO> + 4f(xll + 2f(x 2) + A4.1 

+ 2f(x) ) + 4f(x4 ) + f(xn') ] 

where n iB an even Integer. The function to be Integrated is the reduced ~ 

relaxation function, C(t), which is given by 

G (t) CI 

1 + C[El(%)- E2(~)] 

l + Cln(: ~) 
A4.2 

where El(x) 15 the exponential Integral operator. To compute values of 

G(t), the exponential integrals within the function were evaluatcd using the 

polynomial approximations provided by Abramowitz and Stegun (1964). The 

computations were performed on a microcomputer (Hewlett Packard model 9816) 

using the BASIC program listed in this Appendix. Values of C, Tl and T2 are 

input along with the elastIc response E, the change ln lung volume V, and 

the duration of inflation Ti and the pro gram computes the value of the 

Integral and the predicted change in transrespiratory system pressure. 

The error in the approximate solution provided by A4.l decrLases with 

Increasing n (Swokowski, 1976). Table A4.1 shows the effect of n on the 

estlmated solution of Equation 5.7. At each value of n,-the Integral was 

evaluated for intervals of 0.1,1 and 10 seconds and a measure of the 

relative error was obtained from the difference between the computed value 
"1t 

, 
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and the solution for n - 10,000. lt 15 apparent that the accuracy of the 

approximation lmproves Iltt1e for values of n greater th an 100. 

According1y, n -100 was used to calculate the change ln transrespiratory 

pressure predicted by the model. 

____________________________ L_ _ 
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o TABLE A4.l ERROR IN THE SOLUTION OF EQUATION 6. X 

FOR DIFFERENT VALUES OF n 

n Ti - 0.1 \ e Ti - 1.0 e Ti - la 

\ 
25 o . 94546 <O. 02 0.83333 <0.02 0.69358 <0.02 

50 0.95775 <0.0001 0.84381 <0.0001 0.70185 <0.0001 
1 

100 0.95774 1 <0.0001 0.84374 <0.0001 0.70179 <0.0001 

200 0.95773 <0.00001 0.84378 <0.0001 0.70180 <0.0001 

400 0.95773 <0.00001 0.84377 <0.00001 0.70179 <0.00001 

800 0.95773 <0.00001 0.84377 <0.00001 ~.70179 <0.00001 

1600 .. 0.95772 <0.00001 0.84377 <0.00001 0.70179 <0.00001 

Solutions of Equation 5.7 for the different values of n. The 

constants C, Tl and T2 used in the computation vere derived from the 

stress relaxation response of Group 1. The elastic response, E, and 

the cha.nge in lung volume, V, vere arbi trarily set to 1. Ti is the 

duration of inflation in seconds. The letter e represents the 

difference betveen the solution for each value of n and that obtained 

for n - 10,000. 

o 
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ON 
20 

" 30 
40 
50 
60 
TIaN 
1 

70 
80 
90 
100 
r 10 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
2::0 
230 

c :40 
250 
260 
270 
260 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
4:50 
460 
470 
480 

~~--~---

NUMERICAL INTEGRATION OF FUNG'5 REDUCED RELAXATION FUNeT! 

... 
********************************************************* 
~ 

aPT 1 ON BASE 0 
1 NPUT "1 NPUT FUNeT 1 ON PARAMETERS C, Tl AND T2,", C , Tl, T2 
INPUT "INPUT ELASTIC RESPONSE ,E, VOLUME CHANGE, V, AND DURA 

Tl",E,V,T 

1 CALCULATE l NI'EGRAL 

N=100 
Nlnt=O 

.. INCREMENTS 

IncaTl IN 
F=O 
M=4 
5::11-1 
K=O 
FOR 1=1 TO N-l 

M=M+K 
X=I*Inc/Tl 
Xl=FNT(X) 
X=I * Inc/T2 
X2=FNT(X) 
Fi= 1 +C* (X2-X 1) 

F2:= 1 +C*LOG <l :/T1 ) 
F=F+M*F1/F2 
K=2*S 
5=-5 

NEXT I 

.. 

FINO END POINTS: LAST POINT t = Tl 

F ... F+l 

X=Ti ./Tl 
X1=FNT (X) 
X=Ti IT2 
X2-FNT (X) 
F1= l+C* (X2-XU 
F2= 1 +C*LOG (T2/T 1 ) 
F=F+F 1/F2 .-# -,-

Nint=Ti*F 1 (3*N) 

FIRST POINT t :: 0 

COMPUTE PRESSURE RESPONSE 

X=15/Tl 
X1=FNT (X) 

X-15/T2 
X2a FNT(X) 

( 
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490 Fl=I+C*(X2-Xl) 
500 F~=1+C*LOG(12/Tl) 
510 F15~Fl /F2 
520 Pd=P/FI5 
530 
540 
550 
560 
570 
580 
590 
600 
610 
c 
6~O 

IMAGE AA,3X,bDD.DDD 
IMAGE 15A,3X,DD.DDD 
IMAGE 15A,3X,DD.DD 
IMAGE 20A,3X,DDD.bD 
PRINT U6ING 540; "C :",C 
PR 1 NT US 1 NG 540;" Tl: Il , Tl 
PRINT USI,NG 540; "T::: ", T:: 
PRINT USING 550; "Tl (s) 

PRINT USING ~50; "Vol. (ml) 
PRINT USING 56<); "RATIO" ,Pd 

" , Tl 
", V 

PRINT USING 570; "ELASTANCE (cm H:20/mI)",P/V 
GOTO ~O 

END 

" 

630 
640 
650 
660 
670 
680 
690 
700 
710 

DEF FNT (X) EVALUA TE E~PONENTIAL tNTEGRAL 
IF.X~l THEN 

GOSUB 750 
GOTO 730 

ELSE 
7~O GOSU8 840 
7:'0 END IF 
740 RETURN A 
750 AO=-. 57721 
760 AI=.99999 
770 A:2=-. ::4991 , 
780 A3=.05519 
790 A4=-.00976 
800 A5=.OOl07 
810 A7=AO+Al*X+A~*X'2+A3*XA3+A4*XA4+A5*XA5 

820 A=A7-LOG (X) 
830 RETURN 
840 Al =8. 5733:: 
850 A~=18.05901 

860 A3=8.63476 
870 A4=.26777 
880 Ile! =9. 57332 
890 B2;:::25.63295 

B3=21.09965 
B4=3.95849 
A5~XA4+Al*XA3+A2*X~2+A3*X+A4 

B5=XÂ4+Bl*XA3+82*XA~+B3*X+B4 

ON ERROR GOTO ~70 
A=(A5/B5)!(X*EXP(X» 
GOTO 1020 

900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
1010 
1020 
1030 

IF ERRN=:22 THEN 
A=O 

1 REAL OVERFLOW 

ELSE 
BEEP 1 
END IF 
RETURN 
FNEND 

, 
" 
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10 
ON 
20 
30 

NUMERICAL INTEGRATION OF FUNG'S REDUCED RELAXATION FUNCTI 

****~***************************************~************ 

40 OPT ION BASE 0 
50 INPUT "INPUT FUNCTION PARAMETERS C, Tl AND T2,",C,Tl,T2 
60 INPUT" INPUT ELAST l C RESPONSE ,E, VOLUME CHANGE, V, AND DURA 
T 1 ON Tl", E , V , T 
l 

70 
80 1 CALCULATE l m'EGRAL 
90 
100 
110 

N=lOO 
Nlnt=O 

# INCREMENTS 

120 1 nc=Tl IN 
130 F=O 
140 M=4 
150 5=-1 
160 ~(=O 

1 70 FOR 1= 1 Ta N-l 
180 
190 
200 
210 
220 
230 
=40 
250 
260 
270 
280 
290 
300 
::'10 

M=M+K 
X=I*Inc/Tl 
X 1 =FNT (X) 
X = 1 * l nc:./T:2 
X ::=FNT (tX ) 

F1=1+C*(X2-Xl ) 
F2=1+C*LOG(T~/Tl ) 
F=F+M*F 1 /F:2 
K=2*5 
5=-5 

NEXT l 
FIND END POINTS: LAST POINT 

X=Tl/Tl 
Xl FFNT (X) 

::::;:0 X=Tl/T2 
330 X2=FNT(X) 
340 Fl=1+C*(X:2-X1) 
350 F::=1+C*LOG(T2/Tl) 
360 F=F+Fl/F~ 

t = Tl f) 

370 FIRST POINT t c 0 
380 F=F+l 

- :>90 Nlnt=Tl*F/(:::*N) 
400 
410 COMPUTE PRESSURE RESPONSE 
420 
4::::0 
440 
450 x= 15/T 1 
460 X 1 =FNT ( X) 
470 X=1~/T2 
480 X2=FNT (X) 

/ 



c 490 
500 
510 
5~O 

530 
540 
550 
560 
570 
580 
590 
600 
610 
6~O 

630 
640 
650 
660 
670 
680 
690 
700 
710 
T20 
T::O 
740 

c 750 
760 
770 
780 
790 
800 
810 
8:0 
8::::0 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 o 1000 
1010 

~ 10~O 
10~O 

Fl=1+C*(X2-Xl) 
F:= 1 +C*LOG <T2/T 1) 
F15=FlIF2 
F'd=P/F15 

IMAGE AA, 3X ,000. DDD 
IMAGE 15A, 3X ,DO. DDD 
IMAGE 15A, 3X ,DO. DD 
IMAGE 20A, 3X, DDD. DO 
PRINT USING 540~ fIC :" ,C 
PRINT USING 540; "Tl: " ,Tl 
PR l NT US l NG 540; "T2: " , T~ 
PRINT USING 550; "Tl (S) ", Tl 
PR l NT US l NG 550: "Vol. (ml) " , V 
PRINT USING 560~ "RATIO Il ,Pd 
r'RINT USING 570; "ELASTANCE (cm H:O/ml) Il ,PlV 
GOTO Ml 
END 
DEF FNT (X) EVALUA TE EXPONENTI AL INTEGRAL 

IF X': 1 TH EN 
GoSUB 750 
GoTO 730 

ELSE 
GoSUB 840 

END IF 
RETURN A 
AO=-.57721 
Al::: • 99999 
A2=-. ~4991 
A::'=.05519 
A4=-.00976 
A5=.OOl07 
A7=AO+Al *X+A~" X ':2+A3*X"::+A4* X"4+A5*X "5 
A=A7-LoG ( X) 
RETURN 
Al =8.5733:2 
A~= 18. 05901 
A3=8.63476 
A4=. :6777 
Bl=9.5733~ 

B:!=:25. 63~95 
133=21.09965 
84=3.95849 
A5 o X A 4+Al*X A 3+A2*X r 2+A3*X+A4 
B5=X '4+13 1 *X"3+B2*X"~+B3*X+B4 
ON ERROR GOTo 970 
A= (A5/B5) / (X*EXP (X» 
GOTO lO~O 
IF ERRN=2:2 THEN 
A=O 
ELSE 
BEEP 
END IF 
RETURN 
FNEND 

1 REAL OVERFLOW 

'-
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