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A BSTRACT 
1 

• Cas transport bf'twf'era th .. atmospherl! and alveoU 11 

• 
influenccd by gal physical proprrties and flo", rate' (V)'. These 

f)...J 
pa rameten W('fC va ~1rd to study scvpra 1 mechanisma undcrlying the 

dynamics of pulmonary vf'ntUatlon. 

In 11vin~ human and canin(' lungs, lower pulmonary resls­
\ 

• 
tance (\{lp) Incrcascd with gll.s density (p) and V. ln the dogs, 

, 
flow in periph(!ral alrways (ld<4 mm) WAS lamin.r, 80 the cffects . . 
of p and V on Rl p oçcurrcd in ct:!ntral airways, where hlgher"Rey. 

nold's numb~rs (RI') and the frequently 
~ 

prevent the growth di laminar boundftry la.yers. 
1 1 

WAS bpst f'xplainpd by the equatioll R ::: K Va 

flnt 'a' r~fl('cts the proportion of inertlîtl to viscous los~es, and 

changt>s from '1.0 to zpro ac'cording to the reduction il'), Re be'tween 

glot.tis and perlpheral airwaya. ln ht>althy subjectl breathln~ air 

at ambif'nt prt>ssures in excess of 4 Ata, maximum aerobic capacity 

was lowered by E'xptrlltory compression of intrathoracic airways. 

Ouring lubmaxlmal ('xeici~e, CO 2 rf'tE'ntion occurred at depth. Thele 

rfft'cts wcre due to Increftsed P • 50 that healthy subjects breathin~ 

densp gas r('spmbled patients vith obstructive lun~ disease. 

, The ft'gionai distribution of gas in.plred by seated lubjl'cta 
1 • 

chan~rd with ~ according to differences ln r~glonal time constant. (Re) • 
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By 1nereasing Re. gre.t~r p incr~a.ed the V dependence of resional .. 

f 

distribution. Thb dy-n-.mc redistribution of ventilation occura 

during quiet brrathing. and ia opposed by forces aenerated by the 

mechanical interaction of lung and chest WAll. Concentration 

differencel between upper (U>--Jan.d lower (L) lung re8ions influen'ced 

;thp expired concentration vs volume relatlonship such that 'closinS 

volume! 1s systematlcally und .. reatimated when U/L< 2. Since the 

. ,~( lIlveolar platt>au WIll horhontal-wht>n U/L ": 2, its usual upward alope 

probahly repnsent, s~qu~ntial emptying of ",.rallel intraregional ,;/ 

units h,lYlng concentration differenct'S > 2:1. Crt>ater p impro'lad . 
p~lmon.ry oXYI~O ~xchan8. by reducing intraregional VA/Q variance. 

laapaired inter-ga. ,diffusion conce1vably {ncre.sed alveolar ,tr.tift· . , . 
cation of 02. thereby matchtng stratffied perfusion. Alternatively, 

/ 

by enhanctng mechanlsms respon.tble for lntraregional cardlogenic 

f ~ 

'(t 

\ ( 

ga. mixif\g, greater p reduced para Uel inhotlOleneity. 
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JlSUME 

spor~ des gaz entre l\'a"tnl~sph~re et les ~~véo1es est "~n­
fluencé par les p pr1 &·phy~1que8,d.s gaz e~ le débit (V), Nous av~ns 

r étudier plusieurs méoanismes responsables ~e la 
1 

les résistances pulmonaires inH'-"--­

térieures (Rlp) a gment nt vec la densité (p) et V. Chez le chien, le ~ 
• 

débit dans les voies aérien es périphériques (diam~tre < 4 mm) est laminaire, 

de telle sorte que le. erfe s de p èt V sur Nip surviennent dans les voies 

aériennes oentrales, ,o~ le mbre de Reynold (Re) élevé et la mlÙ tip-lioité 

des divisions bronchiques em~ohe le développement d'un éooulement laminaire. 
, 

Les résistanoes des voies aériennes sont le mieux déorites par l'équation. 

R = K va pa", 1-a. L'eXJ?Osant' a' ren'te le rapport entre le8 pertes liées 

~l l'inertie et celles dùes l la visoosité, et change de 1.0 l zéro selon la 

réduction de Re entre la glotte et les voies aériennes périphériques. 9he • 

les sujets sains respirant de l'air l plus d. 4 Ata, la oapaoité aérobie 

maximale diMinue par la oompression expiratoire des voie. aériennes intra­

th~raoiqu8s. A l'exeroioe soùsmaximal, U survient une rétention de C02 

en profondeur. Ces ett.ts sont liés l la p aocrue. et ces sujets saine 

respirant un gaz dense raseemblent aux malad •• atteints d'Ull .syndrome ob-
+. 

etructif pulmonaire, 

Che. le sujet assis la distribution régionale du ga. inspiré varie 

• 
aveo V selon 1 •• différences de. constante. de teç. Ngionalee (Re). Ji)l 

\ 
\ 

.. 
\ 
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.u .... ntant Re, la den.UA ......... ~nt. 1. d4peJldan .. do 1. dl.t.lbut1o~ 
r4lio~e . via 1 vis V. Cette red1st~ibution dynamique d. la ventUation 

lurvien~ en respirat)on calme, .t e.Jcontrée par lei torces produite. par 

l'intéraction méoanique du poumon et ~e la oage thoracique. Les différences 

de conoentration entre le sommet (S) et la ba._ (B) pulmonaire in1'luenoe 

1& relation conoentration expirée/volUllle de sorte que 1. 'volume de feme- " 

ture' est Iy.stématiquement sous-estimé quand S/B<.2. COmme le plateau alvéo­

laire est horisontal quand sla f 2, sa pente ascendante usuelle représente 

probablement la vidange séquentielle d'unités parall~les intrar9gionale, 

1 ayant des différencesl de concentration > 2 t t. Une p augmentée _éliora 

les éOhangeS

I 

pUl'l'4onaiJ d'oxyg'ne en réduisant la variation intrarégionale 

des VA/Q. Une d11'fusion inter-ga~ altérée augmente vraisemblablelllent 1. 
- , 

stratification alvéolaire de l'oxy~ne, s'ajustant ainsi' la pertusion 

stratifiée.' L'alternative serait qu 'en augm.n~nt les lIIécan1811Je. respon­

sables du mélange gazeux intraréglonal cardiogéniqu., une l' aoorue ré-

duiralt l'inhomogénétté parall'le, \ 

J 
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CllAPTER 1 

INTROOUCTl<J4 

'~ ln hh recent undcfI"ll.. E'xploratlons, man hls encountered 

new dhturbancl'l of his lntetnal c-nvlronment. Onephy.lcal consequence 

~~/~ 
of lncr ...... d amblent pressure il {nerrascd density ô#'fcspiratory 811es. 

Ouring an earllt'r study relatt-n~ ga!l density and f!xpiratory flov (164). , 

basic questions arosp regardins the ~ffect of hyperbaric conditions on 

f'xercise capacity, air"ays resistance, distribution of ventUation and 

pulmonary gas exchan~ ... A review of contrmporary literature revealed 

several .tudies proposing mrchanisms undcrlylng these aspects of pul-

.~_ monary dynamies. To the extent that t,hese mechan1sma were in affect, 

~ lhf> behaviour of thE' lung) whf'n r,xposed to variations in 815 physical 

propf'rtif's and flow ratf' was prrdictablf'. The studies reported ln thi." 

thesfs t'mployed rxperimental mrthods and designs selected to detect the 
" 

predictcd behaviour. 

ThuI, this projeet ha. two general objectives; to provide 

empirieal information,.re~ardin~"alterationl an~ limitations of pulmonary 
-~ 

{~ 

function produced in the hypf'rbarie envirQnment,' and, from these changes 

to l'lueidate mechanisms underlying normal pulmonary dynamics at 1 Ata. 
~ 

Th€' fOrD1f'r a lm 1s of po t«('nt la 1 value to future undersf'a devplopment, 

slnce awareness of physiolo~ic problems oceaslonally leads to teehnleal 

solutions (Ir arpropriate prrcluttons. Better dE'flnition of pulmonary 

dynamies in hpalth may br of partleular value ln lntf'rpretlna th .. battery 

of sellsttivf' t~stl p.€'nf'rlted by reeen~ lnterut in .arly deteetlon of 

lung dis .. ast'. Thl' s;ope of thl' project ia broad, in the sense that divent 

• i 

.... 
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, --­
•• ,.ct. oC pulft10nary Cunction .r. lnv".ttsated ",!th a f:orre,p~dln~ 
vartety of .. xp.rt.~nta1 ... thod.. SOIIW' tnUlration re.ulta hOIl inter-

nlatlon.hlp. btt~.n alrvay. r"lhtance. ,,\llllOnar)' vt"nttlatlon and 

81S exchange, but th" prllM' unlfying ft'aturf' h the cOl'l'lllon invf'ltiga-

the "pproach of varytng 8al phy.ical pro,ertlu and flov rate. Al-

though gas viscosity (II-) ta a relf'vant fluid dynamic parameter, far 

greater chang~s on "as drnsity ( p) WHe cmploYf!d, 50 gas physical 

pro'f"rtlu ln thf'st" stueUrs f'efPr prinetpa lly to gas density and 

kint'matlc vlscoslty (II- 1 p ). 

For tht' sake of contlnuity, cornphte Indivldua 1 cxperimenta 

an presentf'd ln seperate sections of Chapter IV. Where components _ 

of these studtes Interf ... r. ",ith orderly progression, they are presf'nted 

• in the appendh. Chapter. Il and III contain a review of selected as-

peeta oC pulmonary reslatanec and intrapulmonary distribution of venti-

latien thought rt>lpvant to th expf'rimental studici. ln Chaptpr Il, an 

attempt is made to correllte newer theories of flow resistance and the 

clas.leal description of Rohrer. ln Chepter 111, ~h~ elastie propfttie. 

of lung rettlons rt:'lp<fnslb.lc for stattc distribution are revhwed as a 

basis for understanding published dlstinctlon~ bt'tween 1.) .eq~f'ntial 

and asynchronou. bchavlour, il.) static and dynamie behevlour, ana 11i.) 

rc~lonal and intrareglonat behaviour. Chepter V outl1nes the conclusion. 

of thi. proj~ct which are considerf'd to be contribution. to original 

knowl~dttfl • 
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CH.4PT&:R II 

A. Egulltlon of t1otion for the Lunga 

Th~ cyc1~c motion of nir betw~Mn the At~osphere and the KAS exohAnv-

1nl1 !lurfAcos of the 1unll 18 driven by pressures pfltnerllted by the i'esplrl\tory 

""11901e8. A riuorou!; linl\lysls rehtln~ !).unl1 motion +,0 t."e App11f1ld pr"1'~Ur8S 

ncuorcBnp to :·"wtOI""r. l')quat16n of "lotion Ils the bAsio of contol"lpot'Ilry undor-

stnndinp of the "teohanlo~ of pul~onl\r.y v~ntil"tlon (99, 135). The pressure 

.~ Appl1ftd Aeroes t.he lunJ (Pt) 18 th" dlrrer9"'\oe b..,tw8en :ürway openin! prlt'­

Gurs (PAO) And nre'\su're ln the plnurnl s!,Aoe (Ppl). 

, 

Transpulmonnry' pressuro la oppoPlod by An equal and opposite pressure\whloh 

mAy be.elastic (~81)t frlctionAl (Ptr) and inertial (Pin). 

PL a P81 + Pfr + Pin 

.3:hstlc ~)'rtaSstl l'es ~re th8 produot of the dlstend~g volume ot the -lung (VL) 

and its f'!ln!'it'ln~e, tlsUlllly o'Xpressed as the reoiprocal of nl\lmonary cOl"lpli-

Anco (l/CL). Tho statie balanCé of lung and Ch8St wall reeoU determines 

the restlnR volu~. or t~e lun~, so volume chnnge (VT) ocours About. restlng 

elastio pressure (Pelo). FrlFt1 onAl, pressure 18 propÔl-tloned ta p~iTllon'al"Y 
\ 

now (0') by th .. pulmonlll"V reslstnnce (Rt) and inenid pressure ,1. lated 
~ . 

1 • ,toI volu!'II8 AocelllrAtl~n; (V) by pul!l'lonalj' lnerbno~ (It). 

. FL • Pelo + vT/ct + RL~ +- ILV, 
. ~ 

Th~ temporal rel .. ~lonfthîps or th •• e' prellure. are 81mpl,ltl.t beoau~. normal 
\ ~ 

b ... at.h1nR appl"Oxlf1lAt ••• , sll"11101dal ohanse of Y01UM, Thua t the tl t cf ... 
\ -

. 
1 

. " 
, <> _..t ~I..'L" i!'_~:;' 

, J 

~'_--: """-_~ ! .. ~;::..f~l_I>.~.iJ~"' ... ê _ _ ~.;*,) .• _,,;~.)~~ 

'j 
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• rivative ot volume ohan"., V, INd. VT by <)00 and has the amplitude CIi VT 

litres per second (11'5), wher. W iD equlvalent to 2 .. x '1"esplratory tre-
I! 

~qu~ncy (r). Simn.rly, the seoond derivatlve CV) le.ds volUJfte by 1800 and 

15 W 2VT 1ps2 
. , ~---l 

, ~. ,pt - Pelo II: â'PI;-:s vT/cL + RLw VT + I,LW'?VT (1) 

This 
J,; WI\" 

equatlori af lung motion may Qe represented on x and y coordlnate~ by 

the circulaI' ",otton of volu",e. Pel t _ Pfr and Pi'}. Are scaled to VT Accord l.ng 

to equatlon t, &,nd are ln phase wlth Vtt ~ and V reRpecttvely. PL la the 

vecter sum of the!e pressures. 

Pulll'lonary urenistance MAy he de.f1Àed as the chanRe of that coll'lponent 

of PL in phase wlth now pel' unit change ln no..,. This now reslstive pres­

sure (Ptr) represents the energy lost as he$\t, of friction betwefJ", moving 

elaments durinp, pulmonary now. 

2. }~easurement of Pul/l'lonary Reslstllnce 

Several methods Are currently employed to isolAte Prr and sol11e the 
, 

equation of lung motion for RL. These depend on aocurate, measurements of 
\', 

Direct estimaten hAve been obtAined through a needle sampling pressur~ 
, \. \ 

ln a small lntrapleural' dl' pocket. The anatomie lo'oation of the esophagus 

in the pleural :~c~ allows an indirect estlmate of Ppl from an alr-contRln-, -
, 

ing esophA~eal balloon. These nnd other techniques were comprohenslvely 

rovlewed by Agoston! (1). 
" 

a. Interruption or RespirAtorY Flow. During quiet breathin~. Pin 

'i8 negliglble (96). and pt ls the veotor su", of Pel and Ptr. When nov 1s 

8uddenly interrupted (w • 0), PL become! equAl to Pel, 80 the ohange 1n PL 

J'IIUat be Ptt (.50) • 

• "11811 V = 0, 

the Ntore 

PL -. VT/cL + RV 

Pt.. • vT/cr., 

L ' 

pt' • Ptl' • RV 
~ 1 

" 

, , 
...... -
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Subtr!o~lon of Pol. S1no. th •• la.tl0 pr.nsure ls ln pha.e wlth 

lUOI volu",e, ·"n, lnor'Aftln~ proport1.on of the volume -,a:lgnal ma)' be aubtraot-

ed from PL unti,l the oorreot..cl aiv.nAl la ln pha •• with nn" (t04).f 
~ 

o. f!llMonll1'''X R",onanoft. An w 1nor.ase:l, V 1ner.,,,,,e! raptdly lIntll 

'Pin .quAIs Pel Ilt the rel10nrant frequftncy (fo ) of th" l\lnp,ft ()A), Sinee tho 
\ , 

prft9SnreS are -1800 out of phAse, the1.r veotor !'\um 18 "ero and PL tKt'18tn Prr. 

Sol vlng equation 1 for th" re"onant fré<tllenay gives 

fo III ~ .... t __ 

2 JI'~ÎLCL 

d. Redstive Work Done on U,e Lungn. The arOA of n "lrmll tAnttOUS 
ç 

plot of Pt ap,ainst Vr 1s thé reshtive work (W) done on the lunp'8 pttr brellth. 

Agsum1ng ~ sin\lsoidAl. hrellt.hlnp; pattern And constant. r..ftistllnoe throul7,hout 
't\ .... '" -\ ~) 

th. cycle, RI. m~y lSe ~41 Ct:t~,tflJd aocord lnfl: to Nhell (11 0) fron. the fJ<1\l1l ~ton 

R:s 2~t 2 
JI' VT 

whfu·" t la the pftrlod of the resplratory oyo1e. 

e. A!rways Res1stance. A qui tt!l di fferant Approaoh t.o re"lstanoe 

mea/il1rement lnvolves the estimation of _lveolar pressure ,(Palv) durlnr, vent:l"", 

latlon trom the assooiated ohange in alveolar volume. \oIhen a subject brMthes 

while sittlng- ln an airti~ht box, "the box pressure ohanges wlth ~hAnfte.!J ln 
'c' 

body volume. Body volu",. chan~es to the extent tha t chl1nges ln al veolar 

pressure c~us. compression and expansion or alveolar ~as. Box pr~8ur~ also 

chAn~es to the extent that the temperature ard number ot moltltcules ot"llve-

olar gllft cha'1Re. DuBois et al. (J7} observ9d th.t rnpld shallow breathlng . 
t!tl"Ough A h •• ted now met)..e min{m1.zed t.he exchttnge of heat. wnter vapor and 

resplratory ~IlSe8 in relation to tha change or" alveolar pressure, 80 that 
" Cl 

box pressure changes oould b. oal \.brated fol' 'alv. Hegleatlng. Inertl_, Palv 
• 

ditt.ra rroa Pao by th. produot of flov ... t. and th. coerfiol.nt or .lways 

, ., 

1. 

'C' 

<. 
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may b. ilolv..d tor Ra". M.ad (9~) dfM'/lonatratl!!ld thl\t the volu",,, ohAn",. or a 

conllttqnt prftftsur .. plethys",oFrAph "'''y b. tllmllarly clll thrat.oct rar alvftolar 
\. 

prf'9~urn. ./'lfWftr and OU. (?f) ",odHtl'tÙ thl" .".t.hod to "'''''l'Iur .. ~'u, durlnv. 

quiet bro"th 1nv by hlllvin", th .. lubJoot l'~h"ftAt.h'. a v,u "' 1.xtu l'ft nonhini nl1 
1 ~ 

5~ CO;> t'llltlll'at~1 .t body tomperature And flrft~HI1\r .. (!lTPS)." 

'J. Componl!!\nt"l of p'llmonnry PM \~ hM,- t 

Twn d l:sUncl (!ompon .. nt~ Q.n.llrrAnff,~ !.n !'If'lr'l." and contrlbut .. "0-
parat. .. ly to t.he tottal frlotlonn1 pr,,;:;urft 10s8e- Alt'W~yn re:'liatancfl, 

PAO - Pal'l. lt'1 lnnll"nc~ hy nll""Wlly K90motr'J ~d the phy~lcl\l J'lropftrtieR o( 
~t \ 

th" tluld. I.llnr t\~slle ""sintnnco Pely - (Pl, - -Pa1l i~ d!lterrn1ne<l hy U!l8\UI 
. 9 . 

vt!i("o~1ty Ilnd t.he nonldft,d eIAlltlc prope,..tt .. /t of pulmonllry Unsul) • 

1 ~ •• 
.. 

Resistance of pulmoYlnry t1SSliU (Rt) m"y be Mt. b'llAteci by 8uhtr!l.ct-

\nllt Rirwl\y! Mt8t"tance (~w) "rrom plilmonu"y r~:'Jlstance (Rt,). !!Arly lnve!lti-

l'''ator~,(t), Jl~, 95) estil'llllted thi:) nO~81A5t1c work done on hl~,,\vf'ntn.ted 

wlth ~.Se:l of dUfel"ënt phytt\cal propertie:s, t"flu,!lonln~ that only R"" could 
(, l ,. 

bo Af~~cted by 5\1ch It chan,:ft. }4'ry .t\ al. (50h:polnt4Ki out that ct';ant1tAtive 

ost.lmQte~ of Rt (ra." th ... effects of t'ls physlcal prnperUes. on ~)01 neeerJ!Ii-
\, . . . 

• • Thny th\90rtzed t~At thi:. condition. wu sllthtled, ror equal nov rntel And 
"!' 

lung volumes hy patios of equAl klneflllltlc vtscoslt.Y. 50 that ~w vnrled dl,./ , " 

l'Octly wlth ras vlsoos1ty. Dy f'xtrapol1lt{n~ "a~ue!' 'of RI. m~a1!ured On Ruch 

f ""ses to uro vlsoos1ty, M:llroy et. Al. (94) ftle.surecr a mo~n Rt ln dx he,,\l­

t.hy s\\bjects 'of 0.6 c", H20/1ps. Th,lr s\lbjeot~ irUiplredr500 ml or th. f1~fI 

",ixture ta F~, .nd lIeA9Urement. vire obtalfted dUl"ing • subeequent inspira­

Tb_ lnnu~. or vol ..... 
\ 

tion of about one l1t"e of the .~lIle gIS trolll FRe. 
j 

o 

---" 
o • 

,. 
1 

, . 
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history And tiri.l volume on pull"KmAry pressure volume hyste:resls IIlAy tlccount 

for thls relati:ely lary,8 est1mate or t15~U~ reslstance (8oe belo~). 

"A second Approach 15 to ~oasure Rt durinr pl~thysmorraphlc Measure-
1 

,"ents of Raw. rWr~h~ll and Iil1301s (86) found 'P{, ta- exr:eed P-aw by 0.10 to 

0.)5 c~~12 ~anlthy adults durinr rapid shnllow breathing (V1<)OO ,"1, 
Ô ' 

at 100 op..,,), ~ivlTlf" A ",~an value for Rt of 0.21. Jllapor ztnè Otis (71) re-

ported 1IIe/in ± s.d. v,dues for P;'lW (1.21 ± .29) :.I.nd ItL (1.69 ± .44) l'I'le.q5ur~ 
o 

s 1"'IU1 tllTlel)n~lJ durinf:: quiet 'brt:lathinv, in 9 henl tnv adul ts, plvln~ a value\) 

for Rt of ,>.4B CT'f'l H20/lns. 
. 

reportnrl si~"Üfic'lnt t11ffp-l"oT'r:es of Rt 'Jetweel" f"roll!>~ of 10 adll1t ",en (.29 ± 

.12), 7 nnlllt wOl"lpn (.50 ± .,1.5) nnr lf) c'1ildren (1.()~~.:t .)2). In the Sfl'T\e 

f"roups, 'T\pan dyn:t",ic pul"lonary cOrT'plillr.ee (r:dyn) values ,..ere 260, 160 ;meL?4 

'" 
"fÙ../C'l". -:20 res?9ctivoly and "lM" vital capacities \Jere 5, l} and 2,U:'ters res-

) 

1'"'l'ctively. A ~i",:i1ar relationshin of Rt to lun~ volu:'l1'3 and p1l1monary CO'!'!l-

pliance was observP.d by :!lcl,of'en (J), w'!-lo l'T'°ASUrèd Ft in subjects ()f different \ 

size, breathin~ with dlff~rent tldal volumes and at different end explrato~ 

positions. "'hAn !T1e~n now rAte arxf FRC re'l'\ained constant, Rt increased vith 
<~ • . ' 

tidal vol'lMP. For t~P SR.,e tldl1l volume, Rt increased More tran thr~ .tlmes 

wher\ suhjectr. brenthed At hlf"h lun~ "volul'!\es where Cctyn wns" diflÛnlshP.d. Doubl-:; 

ln.r t~p. no..., rate when tidal volume and FRC were ~tnchanf'ed die!, not .apnreciab1y 
" 

IncreAsP th" 'nonelastic w~rk perfO'Med on lunft ,tissue, <;0 thllt Rt cal~t1latêd .. 
ft'O"ll P.qlllltion 2 deèrea~ed. 

~r.' These obs'ervatlons sup-pested thllt pull'l2Onary~, tissue!, does not behave 

j AS Il noW' reslstance but 4IS a, ·nonidoal elastlc 'element exhibltinr pressure- . 
~ 

volume hysteresls. The area ,of such Il hysteresis loop represents 'the ,."ount 

of enetry wh1ch \S\ not recov9red when an elastic elemerd 15 d18tenç!eâ and 

released. Dachofen and ~11debrandt (4) dNnstrated ln. exclsed cat, dog and 
':) _ .. ~ \ 

«)I\I(ey run~s that the area ('!.) or preaaure-voluae hyste.-.s1a l~ps 1" r.lat-

- ...... ~ 

" '. 

.. ' ,_ _._ J .•• 
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ed 'to Ud.l volume and })rè,SUUre amplitude (", PL) • 

A a KVrAPL () 

The ~steres1tJ ~onRtant, K, was 0.12 and v.r1~ IUtIe vi th lun~ volu""e. lunf' 

s~ze, tidnl Val1l,MA or -1!IpeOi09, but dftcreased s11f'htly vith cyole frfllquoncy, 

~ ~ 
A rAmarkahly si",UIll" vdue for K (O;~O) "'as obtllined fl'E)m dynam1c tissue 

prOSS\lre-vollll'l'l~ curV08 in nUll'lan 9ubjects, RlIpport1n~ tho conclus 10n that Rt 

1:; l!1t1inly an index of nonflow r"slstive PUlrr:OMry hyStAt"8StS. 

1'hJl e!'fect of pulrr:onar., hyshr",sls on ~t value~ c:11 CIIIAted rl'O!"ll P-V 
" 

loops 19 r'llldlly t\ppllront, .'\nè. prov1des Iln cxplanatton for th"fdependence of 

Rt upon nl\l ':10'13 l"'J ~O"1pl inncA. lllr.r, volu'lie and tidal volu'l1e. 
, 
Lens obvtOU8 

1" th fi \nf1.11en~'" of hy5tUl' .. ~t;1!:" on nt est1.m.ate.~ frol'! prefisure-now CUl"Ve~. 

Conr.ido-rntlon of the corre':;n<i:1dinr P-V plots Sllb~est!l ~t the h'\~~~ Rt 
/ 

valu os of l:c11 roy et Ill. (9L~). the lO~Jcr values observoè ~~urhlV panting (P6) 

.'Ind the ne/'l1.·n)le vnluor, durln~' ~orc~i 050111 '\~,ion ,(P2) are flot inconsis-

tente A qU'mtibti'VA ep~lrlll\te pt' thl::; "'ffoct ~:ty ~a o?taln8d usin,- equntlons 

;; and 3 and a:,;sU'liln~ 'fiy'i;tercsls constnnt of O. 1, ";onsider Il hE'al,thY ad\ù t 

"': t\) vnlu~s of CL and RI, nt /P: l')f ?CO rù/ CI'! H20 and 2,0 cm li20/1ps~ rœspec" 

tively, 'fida1 oscillations of 1·,000, tOO or I~O Ml at slnusoidnl freql1(m~'ies 

of 10, too or 21.0 broaths par Min'lte resp9ctiv"ly, c:lve peak to peak now 

o~~nl~t1ons of t,o lDs. 
~." , 

:r. tr.e first 'cnso, the elnst\o pressurflt ex~ursl(fn 
..... 

1;. 5 c 0l"1 H20,' l~e hy.stot'e91r. Rt"P.tl calcultltcd from equation J 15 500 r..cm, and 

tl)" tl:'!5ue resbtance due to hystoresls donc is 0.6 cn H20/1ps. Siml1ar 50-

ln tlon~ fO-f the.. ..!> A_c~m and third c~se!l r:1ve Rt values of .06 And .025 OTIY .120/ 
'1 

Ips. 'l'hus', .oecrenslnlt the Udnl volume nt the SM!e now rate ca\:'!ù8 ft similar 

. roductton ln tho calcula ted re81stanc~ ot lunr, tissu~ • , 
\ 

. lt should ho notee:! that for 8 l!1ven V'r and (,,'L. the reatativ. work 

done agalnst lunl~ Ùssue b independent. or treq\len cy , 'lhua, inor_aing th. , 

r~u.ncy serve~ only to deorease the- vork per unit now. and th. Ns18tan~:e 

J 

c 

;!l , 

. ) 

.'. 
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caloul.ted front eq. 2. 0 Thin uJ')(!erllnfts tho ~~IlJ~est.1on of Baohofen (J) that 

lung tissue resistanoe would be better expressed as work per breath t.hon 

pressul"e per unit nov. In thftS8 teMs, lunr tissue resl!Jtance Aceounts ror '" 
1.> 

~ 1 

JO,.o of the rBsistlve work per bl'flath done on t.he lunp!) dUr'inp, qll1,,,t broathine 
\ 

(cafiA 1 aboya). b~ only 3t durinf': pl\nt1nt~ (ca:.e ,2). Du~lnp rnpld oscillations 

(1" cps) as in th~ study of :'~ckln", lino '<end (B2) the rosl!Jtiv8 woric on p1.11-

~onar,y tissue 1s negliglble. 

C. Ai~~ys Resistance .. 

t. Princ1nlM of Fluid Lyn:t",tcs 

Several recent s·t.ud ies extll"'line the now ref.il'lt6 i!'l th" hu:nan a ll"'Wl\y. 

An Atte~pt ls made in thls 5pction to relAte these contrib~tions ta basic 

principles of nultl dyna",tc:. as round in Il standard refore!'lne (126). 

Il. ta~\.l"ar F1m.J. In 1 QJ9, Uaean observoo thnt the weirht of wllter 
v 

per second (',i) nowlnR stellrlily t.hrout'h strall1'ht s"'Iooth wallPd cylindfIJrs WIlS 

related to the hei~ht (h) of the water head. 

h = a'" + b'tf (4) 

:'''"Ie coefficient,' a, varied directly with pipe lftngth (1) and W$tf'll' 

viscosity (lA) and inVersely' ,,!th the fourtJ power of the radius (r). The 

second tom, vf2, ,,,i'\1ch became insit:nlfioant for 10nf' piuflts, t-'AS not -innuenc­

ed by yiscosity 3110 'was consideree! to represent the pressurA ~Ull'erl to lT'1-

part klnetlc ener;';Y to the nuid •. 'l'wo years later Poiss~uille independently 

d~M.onstrt\ted that flow (~) ln cllplllnry tubes was' nroportiona1 t.o the npplled 

press~re (P r, r 4 and 1/ ( lA 1) t al thouf"h this. relatlonship ceased t.o hold for 

sho~ lenrths rrotn thfIJ t\lb~ ent.ranoe. Elcpressed, .. in o.i..s. units, the e1'lplrl­

cal lrapen-Polsseullle equation for tho frlctional pressure drop (1') ln lon~ 
1 

tubea 1s 

(5) 

• 

1 •• ~ '""r: 
'_......!. ..... ...L __ ~_'''-'01 .... """.~ .......... .,_t.;r...·, .... -' ........ _._' ... - • ... 1 ......... -· ... • .... tti .. ·#'lIli!l''''tnilllili ........ ' ' ...... " .. •• .. billil.k .... llliielilll .... Yj 
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where l and r are ln 0111. ~ in CffI'" ~ea, lA in en fl20e,lIeo, IInd P ln C1'II H20. 

" Wh~n nuld la con~iderAd to nov ln parllllel 1~1'I1Me, Newto"'s law 
,~ 1 

1 
of friction states t.hllt r!u!d v1!ico81ty-mcerts Il force oppoalng the nov 

-
L == ~ du/dy (6) 

The ~hear stress (T) 15 proportlo\,al to the shear strllln, whlch 15 t.,,, Ve­

loclty f:r:tdlent b~tween l,qr'1inao (9u/dy). The soluU'," ()r equlltion 6 for 

1 now in tubes of cirC'Uhr cro~s-section ,,'hen velocity àt the wall 15 zero 15 

u{y) 1= P(r? - :l)/h p..l (7) 

where P 15 th~ frict10nal pressure drop ln :t_ tube of radilJs, r :Incl lenp'th, 1 

and y 1s the radial distance fro1'1 the tube ùis. 

It follows that t~o v"locitl dl~trlh~t1on of nuid l.q!'linae hlts the 

shttpe of a p'lraholoid of rotation wher~ peAk velocity (uo) i5 in the cent.re 

of the tube (y == o} and 15 b.ice the avérage veloclty (ü). l"lrthnmorFl, 

the solutio,n of equlttion 7 for F eoincides exacUy. vith the Haf'en-f'oisselli11~ 

equation, which verifies Newton's law of friction 'for the5e conditions. Ac-
," 

cordinql~ the velocity at, the tube wall 1!'1 zero and the pressure drop 1s 

1 proportioned to the velocity grlldlent across the tube. The '-'ourdary layer 

15 th~ radial distance froM zero veloclty at the wall to uo • 50 ttmt for a 

rlv~n ,now, boundary lIlYGr thlckn~ss detemines t"te velocity p:radlent. And 

pressure drop. \;hen the ·boundary layer thickness ts-- equal to t~A tube rAd 1us, 
, 1. 

the chllnne in velocity oceurs oVèr the max1T'!:tl avallable radial distance, 

50' t"at the .frtct10nAl pressure drop described by equatlon 5 i5 the lovest 

possible pel' llnit nov. 

b. Flow ln the' 8ntry Len~th. As noted by Raten" and PolsseuUle. 

the pres~\\re drop n.,ar the- t\\be entrance does not confom to equatlon S • 

AccorcUnfl' to Olllen et al (11). thiS disç"pancy 1. explalned a8 10110"1. 

lt1.\11d lardna. Ire considered to enter 1 tube vith constant •• 1oclty G. 

, , 

\ : 
1 
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S1nee the ve~oQlty at the wall 18 zero-, layer'--..near th. wall have a hlgh shear 
~---------, -- - - ~ . .( 

on th. outslde and 10" sh8llr on the:.·lns1de. They decelerat.- -aM.,.. _8~nce total 
-- ........ _~ .. 

flow is con~tant. contral layers aocelerate.untl1 the distribution of shear 

ACroSS the tube 19 uniforme As A rftsul t, the bouMllry layer thickness ap-

proache5 the pipe radius Asymptot1cally as axlal d1atance (x) from the entrance ~ 

increases. The ent~ length (L) 1s the axial distance from the entrance to 

the site of a fully developed parabol1c veloclty profile, and can be d,eter:-

mined rrOm the equation 

L = • O~875 Re'd (8) 
v 

Re denotes the dimensionlesR Reynolds number, which may be considered to 

relatA inertial to vi~cous forces in the fluid, a~d d ls tube diameter. , 

Accordingly whenr Re 18 100, L 15 appro:ximalely three tube diall'leters. 
\ 

The pressurA drop in the entry lenp,th (Pe) e,ceeds hat assoeiated with a 

parabolie velocity profile (PIa) by the pres su core 

molecules from ~ to uO. The 3cceleratlve pressure (Pea) 18 relatéd to !luid 

density and change in p;as velocity Ilccording to the Be:rnou1l1i equation'. 

(10) 

Sinee t'I ls equal to vI 7r r2 and Uo J'hen x = L 18 equal to 2û. i t follow!! that 

(11 ) 

The fo"" of th!! equatlon 18 s1nJllar to the 8mplrlcal equatlon of Hagen (equa­

tion 4). From 8 variation of equatlon 11, Olsen et al. (11) ealculate that 

Pe for the entire entry length ~eeeds P:l.a by a factor ot 1 ~6). 

Pedley ~~ al. (119. 121) cons1der that the additional pressure drop 

wlthin the entry len~th ls due ta the lnèreased shear Hte assoclatfd with a 

thln boundary layer. When x«L they asau.e that the voloclty 'profile wlthln 
, \ 

the boundary layer 1s I1near. and outald. the bouncta1')' layer in th. axial 

oore lt 18 blunt and ot _gnltud. UO' In,these oondit.-. th. lrovth of the 

"11 
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boundary layer (rI) in dft80rlbed by th. Bquation 

ra • (~)'.5 
p Uo 

\ 
anAlysl.L2f bo.mdllry layttr ~l"Owth accordlng 

-----~~ 

(t2~ 

ta eqUR tion 12. 

the enerpy dissip3tion ln the entry lenp,th W4~ calculated. 

(1 J) 

~ 

Ptt/Pla::: C (2.. R,,)' 5 Ç"x 
wherf't C is a constant detflmlned by the ~locity profile enterlnJ7, the tube, 

'l'f'hen. Pelr l:t ",as measured in a tlran~r"LI:d tube model, lt decrollsoo prorrrftBslvely 

1 
fro~ 5.09 to 1.47 aq distance from the bifurcAtion lncreAsed. In the entlre 

5Ap'!"If'tnt b~twp.en brAnches, th1s r/\t10 rlecrel.lsed from ).65 to 1.91 a~ Re decreased 

fro'!l 699 t,') t 77. 'l'he varintion
o 
of Pa/pta wit.h dix and Re ":"5 adequately des­

crib~ by equation 1) ~hf'tn C was 1.B]. confi~ing that the entry len~th theory 

corl'"ectly èescl'"ibAS the pr"5SUre now rol'ltions 1n_ ~rnnchf!d \~Iues. 13y 00"ll-

blnin~ f'lquAtions (S, 9 and 13) thf't oressura drop in l')rsncherl tubes ia cxpressedl 

(14 ) 

wherf't K 18 a peome~ric constant, equal ta .508CX· 5/r4 when c.g.s. uni~~ are 

Ilsed. T~IlSt'Pe 1s "Ilore oepf!ndent on fflS dAnsity and flow rate than Il.a. re-

nectln.- th" ~dditional prèssure drop required -to aocelerate core lIlo1ecul.-s 

c. Turbulent F1ow. A dlrrerant now DAttem 15 frequontly observed 

ln pfpt>f,. l"hI"N~ secorrlary motions perpendicular to the prindptll nu1d Motion 

occnr. The' transition from laMinaI' ta turbulent now ls facil1tlltcc' by Incrftlls-

ed tuba dia'1'J8ter and fluld voloclty And decrensed kin&nlltic visCQs1tYJ that 

11'. by incrflRsoo Re. ~en Re exceeds J1 critlclll 'Value of 2000 (HAr.). inertlal 

ditlt\lrr.!\nce~ intTOÔucod into laMlnllr now by the pipe entranc8 or wall lrre-

gUla-ritlos ~row ",ith t.1~e. At l''!'lUch lover Re (<1/6 ~c). such dlstll~'\noe8 

die out looally ",hereas between th!à value and Reot ~hfty perslst proportlon~l 

to Re (135). 
'1 

, '".f, 
, j,' 

)5 /M~~ 
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!;oQondary mUons blunt the veloolty profile by Bweeplng klnetl0 

enerpy fro~ tho core tow~rd the WAllft ot th. tube. Cons~uently, the nheAr 

rate l'lnd prer.suro drop-,nrB lncreased. The prelJsllre drop oauaed by turbulent 
1 

now (Plu) tn 3mooth wnll&d tllbM hn~ been tound proportional to Il fnoter 

of tubo ! qO'l'f)try, l, Ilnd nuid klnot1o enerl'Y. 

r 2 
Ptu :: Xl. P u (t 5) 

r 2 

..,herfl >. lr. tho ros \.st'lncA coofftcient ~uA1 ta L.rtL.. 
~ 

Li vid 1ng eql1~ tion \ 5 
1 

by P.q'.w.tlfJn 5 l"oveals thllt Ftu oxceech the pre35ure drop for] Ilrdnar rtow 

in thn Iillt'Ilq pioa by th8 fllctor, 4.2 y. to-) x Re· 75. ""'hen Re 1s to,OOO, Ptu 

15 about four tlT'les Pla' Pedley et al. (119, 121) caloulate that most of thls 

increasB la due ta thn hlunt volocity profile of turbule~ no,." and point 

out that the pres5ur'!'t drop in frf'quently brl'nchlnfl tubes l'I')ay be relatlv"ly 

unchan!'oo hy the devoloprumt of c.orfl turbulence. 

u, and Po in equaUon 15 

Ptu = 

))y 5ubstltutinp. .for ~ , 

\ 

(16) 

d. ~dditionlll lt'Ilctors ,Aff'ecti"lr; Resistance to flow in Finfts. Tho 

clags~cn1 now r8171Me9 dl!cllssed above occur duriny continuous no,", in 

strail"ht rldd tubes o( c1roular cross section havinr slTlooth dry wàlls. 
'\ 

Severa! variations on these condltlorts may innuence t'1ft preRS\lT'O drop. rp 
r(meral- those vAria.tions t,end to lncrease the pressure losses by enhanclng 

lnertial dlsturbnnces ot the velocity prorUes. Such distul"bances are pro­

portion.l to Rt!t, and tend to alter lal'linar, entry lenr,th. and turbulent now 

equAtlons ln the direction of purely acceleMltlve pressure 108888. ThU5, 

the pressure drop becon.es J'IOJ"O dependent on now rate ard flA. don"ity and 1ess 

depandent on y,as vtscoalty thon pr~lct~ tor st.ady flow through s~oth wall-

ed pipes.' 

/ d '$ ii 
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(t) El0'"' Ono1l1nt\t)r)!. In con,dltJu:l. of ftlollrly lamlnar no,", 

throup'h A sln(~le oondllctinp flloment, vltloclt186 nrtar the centralor the t.ub., 

exceed thO!l8 nellr th ... ,",All. Wh"n the prasl'Iurl) dr1vlnp now '0 alnuooldally 

t)sc111At~d at 1ncro.81nr. froquonolès, core now ftventlJnlly b6Jllnn to 111/1 the 

appl10d pressllr~ du" to th/) j l"p)rtiLl of cnntrnl Jl'\t)lf,cu] fl)S. ln such clrcum-
., 

stAncf.lS, Il yrlM.tflr proportton of th.., no", occur!'i nAt.lr t.ho HRl18 whnrlt the 

nhear rate 19 hlr.rh, "to thllt totnl now pnr unit pr/,)~.I'l\u'" èecrOll:';/1s reV.tlvn 

to stOl\dy filo,", conditions. The mnj-,nl tilde of thl~ diflturbano" of the bound-

Ary layer rel'ltive to ltt! r,to::ldy now thlcknMR mll,Y he ClllcuhtAd ltccoroil"lf'. 

ta ~·:o1r. ... r!ll~'y (1 (,7) fro'll. lhe "'lnlt Uon 

(1:1: l'~ 1 
\ ' (t 7) 

wl)ore r ls tllbe radius (n,"), w "'tJ:o-nnJ:'ull\r freq~1ency (8"0-1 ) and ., la glll!J . 
klnel'll\t1c vi~coslty (C,"2}98C). tlhan thê dlMén~ionle!'HI pllrlllTloter (1 exc"eds 

'" <, a vA'tne of 1.0, osc1l14tory rer,i~t"nee exceecJs that durlnp; st"Ady flow. Dy 
, . 

th1~ llnlllY!·;1s, 5 In\l~.lO ld.'\l brOll thinf' n. t 10 cyc1 es pel' m1nu te 0l\U9f1tS A 8117.1"11-

ticant increa~e oV8r reslstanc9 to ste40y lAmlnllr flow ln th8 trllcheR and 
' .... 

larre bronchl (? .5). 

P.owever, the bOUndAry layer of fla", ln frequently hranohir~ tubes 15 

Ml1ch 1es8 then the tub" rAdins. "ccordln~ to Schroter ard Sl1dlow (145) equa.-

t10n 17 Il1lly he rMolr1 tten to sol Vr) for an Analopous pl\ral'lot9r, ~. by ~'lb8t1-

tutine: ooundary lAyer th1ckness for r'ldllls. 

fl.r"~ (t8) 

It follows that th050 featuro~ of flow ln the branchial tree whlch Increase 

r8slstl\nC8 ta l'ttoady no,", by proMot1ne a thin boundary layer also causa thlB 

reststnnce to bo lOGn nffocted by flow oscillations. For ,>1.0 durlng Air 

bron.thlny" r 6 must excaed 2.8 mm when the breathlnr' treqlloncy· ln 20 bp!ll, 

and dur1ng torced oscillaUons at 4 \and 10 cycles pel' •• cond. rI mu.t .• "'!' le. 

a.ad .8 and .S mm r.spect.lvflly. AssulIlng Uo • Ü .. boundary la,.r thlQ.k~ 
r 

., . : 
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for a ~lvon steady now rate May be estirnated using IIIeasured b1"Onchial diMn-
1 

dons (Table 1>' and e<J'llitlon 12. Evnn tholWh th1A asnu",ption ~Mere8ti'ftllt,,& 

uo. the ~oundary layer thickness when flow oscillationR are 1.0 Ips dO~8 not 

. Ilpprollch the values neCfll'llSary for 13>1 untH frequency is 10 cycles per 50CQnd." 

COMbtninF. equntions 12 and 18, one obtalns 

(19) 

Insp'!ctton of equation:; 17 and 19 revo:\ls that the effect of o3cill1ltory now 

in the entrl length (~) dlffors in several resoectr. fro~ its effect (n) on 

l'ully dev'.'loperJ lAMiner flow. Tho tem 13 ls ir.d9pe~nt of l':t9 p'lyslcal 

properties and vllrie5 inversely with th'9 5<.{'ure root of now rate, It 5e6MB 

~ reasonabla to conclude that ah-ways reslsunce 18 virB'lally_ !-ndependent of 
,.< 

breathine frequoncy IIp to 10 cycles pAr second reeardless of the now aMpll-

tude or ~as breath~. This conclu!;ion does not take account of flow redis-

tribution ~mong p,qrallel Rirways (s~e Chapter III).~ 

(2) 1..'&11 Rourhnass. Schroter And Sudlow (145) pointee! out that 

the ~aximum size o~ a protuberance which will not alter the la",inar flow cha-

rActeristic in a ripe ~ay be estimnted accordinr to Schiller. 

E IN'. 4 ta 5 
~~--- Ro.; 

~ 

-------------
wl,ere E i!'l th~ heiFth~ protuberance and r 15 the pipet radius, Thu~ t 

surflloA lrref"ularities rmlst exce~; 15~ of the tube r:ldlus in ordetr to dls­

rupt 1aT'l1nar no,., whon Re 19 10'3, sugr,ftstlng little effe-ct of bronchial roujith-., 
nAS! ln these conditio!"s. It i8 1ess c1ear what erfeçt the sa!"!A lrreeula"ri-

Ue! ",ay have on thln boundary 1ayers. It 508",S posslble-th3t II 1 mM protu­

bor~neA in the traehea (r = 10 ~) !Day not influenoe a fully detveloped parn-

bolle veloclty profilfl but ",IlY disturb a boundary layer 1e88 thnn L l'lI'I thlck. 
1 

~rth'.imore; Padley et al. (121) cite the posslbUity or Taylor-G3rt.1er vor-
\ 

tloes aS8001.t~ wlth fiow over oonoave surtaces a& proWlOting transition ',roll 
li' 
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lamlnar to turbalf1lnt bOUndAry Inyern. Ir either factor 18 op .. rllt.1vB ln tho 

-airw.y, the pr8~!Sur8 losses \ln1 tond to oxceed the predictions for no"(.' in 
1 

smooth \lalled tubes. 

The nffoct of Il liqu1d !'ill'11 l~nlnr: the lm)"r f;urfllco of condtlctlnp, 

tub"s "':lf> f)xn"'linen by Clarke At al. (27). Th!')lr resultn ~u~'~est thnt wh~_ 

the, stream of nir flowlnr' throut<:h n 1 i.quid 11nOO a1.rw'ly r~~llined 

thero ln ver'J li tt1 0 increas., ln resi~4:.anc" l\hovo th.qt ~rl"è lf:too 

l/l"'llMr, / 

from n'lrro~ 
/ 

d~vl)lop~ ln the f>urfaee ru." q5~oci.at!"(] with a vnry large incrense in rA-

si:;tancfl, ":Ave ~oM":Atiol" occuroo al ) oW'er r!e for thickar liquld ] tly~1"5 And 

101-1e1' llquiè vlscoaitles. 'i'ho atlthors concluèe that thE> t~ln slll"f'lce layers 

present ln hpa.l thy lunf!s prohtlbJ y h!lVa 8 nn;) i plhll'J pffect on now rl'Jslstnnce 

at a11 but the hiphost flow rates. 

:·'ajor ~ffcetr, of ail"' .... ay disten~ibilHy on rAsist:mce seems unlikc1y 

~ince radial vAloci lies ara TlP'I!essa 1'11 Y s"!All relati vo to :l:<i~l velociti e!! 

'(145). The sh:\rpn&B1J, and el.1.stlc stabtlity of the blfnrcation srllr may also 

innuence the AiNay velocity pMfUes, ,hllt no thAo1'etical or anpiricd fltS-

t1~ates of the1r possible cor.tribution are avai1able. 

e. J<10,", in Il Venturi 'l'the. Th" cl:tssieal pAtterns of pipa Dow 

discusseè above ~ra dascl'ilJed by fixe<! rol.J~_ionships 1l1'1I0nv the prl'<:!JIUA drop, 

1::85 p~y5icnl properttes and, now rate. The variable now patt.erns in a weH 

studlt*d nl1~d vcloclty lI'Iotre benr considorable stl'lllllrity to those in human 

upper alrways (69). A Venturi ùlbe conslsts of a straieht cyllndel" h~vin~ 

A central circulaI" constrictlon. For an Ideal nuid. the lateral pressure 
/ 

difference (6 P) between the tube and the constriction 1s purely Inertlal 

And equals tho incl'easbd kt,netie pressurA of the constrlct~ stl'8am. - The 'l67 ,-' 

loclty ot the ideal 
1 

fiu1d My bo cal'culatee! trdl'll the Bernouill! equatlon 

(~).S . \ 
, ' 

• ..i ...... " .... &.,L... ""SI'" ft'. 'rI 



• 

, 0 

• 

1'1 

, '" '1eoaus. ra.l nulds are v1acou., t.hora 1& • oomponent. of A P due io VlsOOU8 

IShe.r, IInd oalcul1\tlon8 of ideat vftlooU.y OVefllllt1t1\~to t.h. t.N. veloolty • 

. wh10h la &qu~l to t.he total now (~) dlvlded by t.ht''. crol9s-s8ot.1oMl Ar"" CA) 

of the oonstriotlon. The rAtio or lcifull- te tru8 vftloct th!'! 1s th" etH,ffj-

", 
(20 ) 

::;,... 
Th~ lnArtilll Odeat) cOl"llpotlent or A P lncreÀsfts with n'l, and • loparith-

mie ~plot 01' Cd lll'ain"t Ro dO:"lonstrates a charllcterlotlc pattern. When R~10. 

1011 Cd il'lCl"MSe~ linearly as lOf! Re. with n slop.., of 0.5. 
! 

Ccl = K • Re,5 

Substl tutinp: lIIfluations 9 nnd 20 for Re '\lrld Ccl. And salving for A P 

AP:: K#'V 

(21 ) 

(22) 

ThllS, for 10w Rp, th!) pressllr~ drop varias CHrtlotly as ~~RS vl!'1cosit:v 4nd -no,", 
# 

f'atft Ilnd ·is independent of r'IHi (lenslty. These "pressure losSlts are nlmost 

entirely vtsCOllS, and sil'll1llr to the losses of fully developed lar'llinar pipe 

flow, At very hlF'h Re (>\ 04), A P l)ecom .. , completaly ine.rtilll and c;:t 15 cqul\l 

to 1.0. Solvlnf! equatton 20 for Cd == 1.0. 

p::rK"pV2 (2) 

w~Are K":: R 1 Thu!) A P varies a!'J th~ kinetio energy of the eu inde-
W'~r/J1' 

N'ndently of I~A5 v\.s~oslty. Th the intermedlRte l'Ange (1O<Re<10'~), th9 

lor,nri thmio Cci verl'us Re plot is eurv1l1near. As Re increat'es t the &lope 

prop-re8s1vely decrollses from 0.5 ta zero. 

tho middle l'Rnt,,:e of Re, wharf) Cd a Re. 25, 
"-

Substltutlng t'Or Cci and Re in 

• 
(24) , 

The rom of this ttqUAtlon 18 l.doptlcal to equation 14, descrlblnr; now ln 
-

the entry lenp't.h. Sll1lllarly, wh.en a. 1s hilber. Cd b.co ••• p'l'Opo1"t.loned to 
\ 

'- Re· 12J, ~ncl the resultln, 8Cluatlon ~"'l.. ecnaat10n 16 d •• or1blns tu~lent 
. , 

'pipe nov. 

\ 



• 

• 

18 

(25) 

In ",ddi tion to provl<ilnr. a l)~tt"r description of upper ahwl\yn rl'tsis-

tance than Any of tha. ~lAs!:lcd no", re~l!'11os, this Ve.,turi tl.be 1110001 orlers 

a untfyinp, concept for the vArloty of now conditions "txistlng throu(lhout 

the hU"Ilan alrwllly durlnf' nornAl brM thin~. Ins?4o.~ion 0 f 8C}ulltions 22, 24. 

25 Bnd 2) reveals t,hat A P 15 relatee! to pas physlcnl propertles and flow 

rnt.a accordin1. to tho p'eneral equation 

-a-H a 1-. 
AP=K5V P JI. (26 ) 

Tha exponent, 'A, inCrE'IlRAS prof'rossively wlth fin due to the incrAaslnv. innu-

<"nCE! of nuid inArtia on tho pressll ro ~)'Ot'. 7his relationship 15 also tru.e 

for the c] 1l5sical now rOfll'1\os ilS Indlcateè in Table l. It seens r"asonable 
( ... 

ta conclud(.' that the eontinuollsly chan~in~ now p:lttel'l'ls ln the Venturi tube 
,' ... 

pllSS throu~h veloclty profiles ldentical to those of lamlnar, entry len,.:th, 

turhulent 3nd bfojfice ~ow as Pe inCrM!led. Conversely, it l'I\Ay be art,lOO that 

departures from slirw~ys reslstAnce ~alculAt1ons buee! on c] assied .n ow re-
~' 

-.{imes wll1 be ~<;te!l,l.tltîc, in thA sense that the e:x-oonent., 'A~ will chaqre ac-
-~ 

corcllnp. to the preval11n~ Re-And exponents of gas physical propertip~ will 
l) 

chanp:e acpordinr to -equA.t1.an 26. 

2. Armlication of nuid Dvnamlc Princlples ta AiNAy ~"orDho"'8try 

::n ~enel':\l, the cxo"rh~ontal 1.nvE'st.i~'ations of a c61rt.,ln probls"I in 
~O;,~Arch h~s ta precedo the theoret\~al con~lrleratlons. Jf howevnr, the 
po~~lhilitie~ of An ~xperi."ent~l inv~r.~trAtion Are 50 sli~ht, as thoy ~re 
in thls c:\<;e, it IIIAy be pel"'l1isslble ~ IIIllke Il tl-teoretlcA! r .... construction 
of the ovent to hp.~in wlth. The flow of air in the resplrAto~ tr~ct 
ls a purely phy~ical ~vont, the law5 of ,,'h i ~h are fllirly well known. If 
these lAws 1\1"P :appl1ed ta this special ctlse with considerAtion of all 
po~siblo factors, wo "'It\y ASSUI!\e with Il hirh delTl"ee of pl'ObAb\ll ty that 
W8 Ilpprotlch thA real cond1tlon~ very 0108e1y. 

Hlth these remarks, P.ohrer (tJS) introdnced the classlc pll!)er thAt. 

hA! t'lOf!'n the foundatlon of our und8r~bndil'lF of' Airwllys relllstAnce for ovel' 

tifty years. RelÂt,\vely l-ecent ",euuJ"fJltJentll have dlrectod Attent1.0l'l to .e-

yeral errars 1n Rohrer's calculaUons, .r181np: in fOod part froftl the lack 
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TABLE 1 

E!Ro~ .. nt. RelaUnl al',htpnce ta Ga, PhYdc.l Prol~It1 •• and 11,0\1 

0 

* • 
flow Real!!! !s.a... V ..JL -4; -~ ~ -
,Vf'nturi T\lbe .2{) • l-a .~ 

Laqainar , 0 1.0 >-00 

,nt ry Lenath 14 0.5 .s .S 
'l 

Turbulent 16 0.7.S .2S \. -r·.7$ 

Orifice 23 1.0 0 1.0 

\ 

',. Correl,ondtnl descriptive equation .1 nUMbered ln the texte 
1 

/ 

/ 

/ " 

\ 
0' 

\. " 

,. , 

~.:~ ... 
..... ----

!Jte 
t 
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of empirl'cal oheoks for the oompllcated theorl.es. Nitvertheless, hle approach 

impltes an underlylng physioal basis for a phyaloloF,10 para~ ter, and should 
. 

serve a~' a model for hypotheses relating the available fluid ynamio pr1n01-

A. Morphometty of the Respiratoty Tract. 

fram 'S~rAilZht slllOoth walled cyl1nders of circular cross section. The path­

way from the mou th to the extra-thoraclc trachea (135) bends sharply clown-

ward at the Phar.vnx. whftre the width considerably excfteds the anterior-pos-

terior diameter. At the ~lottis t the cross section).8 irrAVllnrl y reduced 

to about 1.0 cmf. hafore increaslnv to three times that Area in the Ullhaped 

tracheA.. For such irregular pa:>sage:3 t t.he effecttve ~lthway for flow' 15 les~ 

than the total cross section and t'he hydraulic <tiameter (~) May be caleulat-

ed if the cro,ss sectional aN!R. and circumference Are known. 
1 

Di1 = 4 areA 
ci rcum ference 

(27) 

Below tpe carina, 'the aiNay branches repeatedly. At leMt two ex-

cellent studies (62, 159) provide'the dimensions of theae airways obtained 

from casta of excised human lungs f~ed at about 75% of total lung capaclty. 

Al thoulCh· thes~ dimension:.. provlde ft guide to th~ calcullltion of branchial 

C l"eSistAnce, very few rf'lfli stance l'1easurements h'lve been madf'l \n the 83Me con-

rlitions to valldatA the calculation&~ Most,rp.ststance Mea~urements are nb-
u ' ~ 

tained at F~C in lt-vlPfl: humait subjects where rew detailed--meASUHments of 

Airway,gtmenslon~a~e available. 

If resplratory now ls laminar, the fr1.ctlonal pN!S9Ure drop per 

unit lenrth of An Airway ls proportional te the now raie dlvided by the foultth 

power of the t'1\dtus (see Bq. 5). When two airw3y ser,ments are connected ln 

" 
series, the total pressure drop la the ar1thmetl0 su. ot th. friotion.l lo.a 

\ ' 
\ 

ln •• oh. When a bronchua branohes lnto two dauRhter al",aya. the NS1St.al\oe 
l ' 

due to parallel fiov ~rà the" bifurcation (RD) la oaloulated ttoll the in-

,\, 
'- ' 
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verB8 SU'" of dAu~hter reslstances (Rt. ~) • 

Ir the dAughtfl1r bronchl have equal dImenslonr., resistllnce p,.r unit lenpth 
" 1. 

dêct"eas8s beyond Il bifurcation when thfl branching coefficient, (.ra_~.io of to-

tal daupht-er to plJrent cros'[] sectionsl srells) OXCAOOS ,fl'. 
. . 

l,"eib~t:' (159 ) ob-
-;(' 

, ,.. ~ 
Berved that the branchin{T coeff1ci~nt lncroa.secl prof;resslveli~-:'fro'll .9 at the ..- .. 
carina to 2 at t,,~ most periphcral blfu.~~Ilt1ont and ,that the ~#~th of dA\<lf'hter 

br!lnches varies between .8! lind .87 of the pAr~mt lenr,th, <:Accordinvly; Green 

(59) calculnlèd that the resi~tancA pp.r unit lenpth of thé bro~chial tr~e be-

pins to decrease at l1'e11et-ation 9, and the resistanép. per 5enarati:on i5 MAX-

.; 

i~~ at ganerntlons 4 to p b~yond which il falls off rRpidly. Thase calculA-

tions, 1t11lstrlltP.d in firure't1., are qualitatlvely si",nar to esti"'\ates of 

f.orsfield and Cum",inrr (6J) ~o also aSSlll"led lamil'lllr flow ir. IHl 9ssY'"etric 

model of atl"',1ay l'I'Iorpho"!'ett'V (62), 
e -

InsMction (If ~uat1on 9 reveals that. for a civen flo,,", in a. dicho-

ta~us branchial tree.where th9 branchlnv coefficient 1s 1, Re in the par@nt 

, bronchus exceed daqp;hter Re by a. factor of vr: S'iI'lila.'I'ly, beyond f(eneration 

9, Re decrease by MQre than :1 factor of two 111 ~:1ch 5ucceedlng ~8na.rat;10n-. 
- , 

Table 2 shows that w1th relatlvely low now rates, Re ln the upper .'lJ.rways and 

lal"~e bronchi sup,rest turbulence, and it 16 not until the oif;hth ~eneration . 

that Re fall balo,., 100. ln the lntliMediate bronchl Ithe lengUl to ~l,ameter 

ratios rnnpe from 2,5 ta PlO (62), so t~At nll bronchlal 50~ents batween 
y 

branch points are sho-rter than thelr eritry l e,,~th~ calcuhted, fro"l ~uation 8. 

b. PhysJ.çd Propertles 9'1' Resplrato1j' Cases. The usual lnsplred ~as 

15 air, ... h1~~"''1\RYlbB consldered as a mixture of 4?1~ oxygen (02) ln nitrogen 

(112). This 18 rapldly wamed to J70C and satu~Ated wlth vatel" vapor (H20) sa 
\ 

that at 1.0 atmsophere of absolut. Ill'tbient p~e8surel 'AU), the inspired sas 
• - , " " ' . . ... ' il '-,O. 

conta ln. by volume about 74'/. N2. ~~ ~ a!Xi 6~ H20. Pulmnary gas exchange 

-*-' ------'/---_ ......... __ ..:.-_----~-- -- ~-
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Tabl. 2 

" 

+ 
A!r~y D!~n.ion' 

1 ,g' Â - , fi , . 
• Flow Para.ter. 

Re a 

.:Phlrymt 10 1.2 1.12 '450 3240 

, 
Cl ott ta '.50 .80 

Triche. o 12 1.8 

Main Bronchi 1 4.76 1.22 .,. . 
Loba r "Bronch i 2 1.90 .83 

6 .90 .28 

8 .64 .19 

15 .20 .07 

.50 1000 • 

2.54 200' 

- 2.33 21S 

2.13 235 

3.96 125 

6.95 72 • 

111 5 

480O' 

2160 

1580 

1170 

210 

82 

2 

.086 1.06 

.052 .64 

.049 .60 

.054 .b6 
, 

.035 .43 

+ Tracheo-bronchial. froll Weibel (159h Up,er .1rwy frGal Rohrer (135). 

G: Airway generation. • 
L: Le1lgth of airwy ns_nt (Cil). 

,e:-tl(1 

d: Ol .... ter of airwy se8~nt (cm). 

A: "Tot.l' cro'l-s~c:tlon Ilrd (ca2). 

* Calculated for 
, . 

flo" (V) of ± • 5 lp •• t 4 cp' C.·t r) • 

• U: Âverage __ .veloeity "" VIA (ca/uc), 
. 

Re: Reynold t • nu.ber "" U P dllA 

ra: Boundar, l.yer thlcknea. - (2 lA ~I p Uo)·.5. vh.r~ x' - L .nd Uo - Ü, (ca). 
o ' 

;. ( 1 )" D: Wormer.ley'. ,.r.aae~~r • .aodHled for fl'equf:!ntl, bt'anch1nl tube.! - ,2OJ x UO • 

( . .-
, , " 

" ' _, . ~ .-, :.:,; ', .. ,' ;; <:" .:"~:~~.':;k","i~:,,- j -t ~~/,-

00 
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altera th. lnsplrate by r8lllOving 02 and adding carbon d1ox1de (C02) ln ap-

proximately equal volu .... , Aceordingly, the al.80lar ga. explreCI alter th. 
o 

central a!t'Ways are ".shed out. cont.alns about 6'" C02 .rd 14~ 02. Durln" re-

breathing and shaUo" rapld pant1ng, the fiowlng ga. must approxlmate the 

alveolar fraotidns, 

The physioal properties of thèse gases whloh influence th.., energy 

d 15sipation durinp, no,", are the vlscoslty ( p.) and the specifie p'ra~ity, or 
, 

'density ,( p), -The viscosity of a fiuid lIlay be regarded as the interna! co-

eff.ljoient of friction of the molecules, lndioatlng the alllOunt of force requlred 

- ... 'f6,. .lftolecules to slide over eAch other and their container durinr, I!1llSS nov. 

" -
The c.g.s. units are dynes/cm. sec, or poises, and can be converted from for~e 

to pressure units (cm H20,sec), by dividing by the acceleration or gravit y 

(g = 980 cm/sec2 ). The dynamio viseosit~ increases vith te~rature accord­

ing to Sutherland's factor, and 19 lnde~endent of the ambient pressure over 

a vide r.n~~ from 1.0 AtA (128). Values at 31'C for lndividual resplratory 
: -~~ 

gaseS are compiled "in T.ble J. Du.e to molecular interiaction, the dynamic 

• 
viscosity of ~ gas mixture i8 usually hlgher than that caleulated from the 

} 
fraction.l volumes and viscosities of the compenents. Th. viscosity of res-

() 

plratory gas mixtures May be estimated by comparlng the pressure ,drop ACroSS 

A pneumotachop,raph for A fixed nov ~ate of the mixture. ~ith that for the 

SAm8 now of air (94). 

Gas density la the mass ot gas per unit volume and varies-directly 

as th8 amoient pressure and inversely as the abaolut. temperaturea Th. 

c.g,s. units are grams/omJ. whioh can be converted to pressure u/nlta 

=(0"' H';.O,sec2/cm2 ) by dlvidlnp: by;'g (70). The dens,ity of a ga" MiXture lUy 

be caloulated trolll the t'ractional volumes and densitles ot the co.ponenta 

(128), The ratio of lA to p la th.' kin ... t.l0 viecolllty ( .; ) ot th. gas 

vhlch ha. th. o~g .. s. unite or ~/Mo. This chanoter1atl0 -ls lapol'tant ta 
" 

/ ' 
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1 
+ Ga. PhYlteal ~ro.!rtt •• 

'0 

Ga. ...I!-' ...L- l' -
H. .16 2.02 1.2S0 

H20 .71 1.00 .141 . 
M2 1.09 - 1.81 .l66 

, 

°2 1.24 2.10 .169 , 
C02 1·Z2 ' 1. ~1 .091 

• 
SF6 5.34" 1.20 .02S. 

Mixture. * • 
"'--

"
e0

2 
.43 2.10 .490 

Air 1,.12 1.81 .167 

5F(,02 4.26 1.60 .038 
,~ 

o 
+ Value. at 31 C, 1 Ata al 11.ted by Radford (128) or ln th. Hand-

book of Phy.le. and Chemi.try. 

p ~ den.lty ( SiL x 10.3) 

vi.çoslty (~f~i.e. x 10-~) 

" klne_tlc ~tac;;tty· (e.2'.ee)_ 

" 

--
1 

* 14'1. O2, 6'1 002, and ,~'1 H20 ln He, M2 or 1'6. 1 Value. for "end t, 

r 

c.lculated froa component •• air vi.co.lty f~oa Rohrer (13S>. and 

8.02 .nd SF602 vi.eo.itle. relatlv~\to air .... ur.d vith • pne~ 

taehYRraph (104) • 

.... ... ,,, 
.r 

" 

~ 

/ 

, 
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th" dynAmios of now ln tllat. it indicates the ratio of viaoous to Inertlal 
1 

\ 

forcos present ln the fluld itself. 

o.' Rohrer's Calcu,llltion of Airwnys Resistllnce 
., 

(1) Rohror's Eguttion. Recognizlng that flow through tubes May be 

laminar or turbulent, Rohrer (135) eA.lculated the critleal velocity (ue> for 

transition to turbulence in various airways, assuming Rec ta be 1290. From 
<.) / t. 

equation 9, - ~ 

~o = 1290 x " (28) 
d 

He then ealculated the density and viscosity of inspired and expired air, care-
" 0 

fully eorrecting for' body tOl"1perature, hwnidif1catlon' arld respitatory quotient. 
1 

p. =: 1.87) x 10-7 CR 1120. sec 

> p = 1.117 x 10-6 cm H20• s ~c21 cm2 
, 

~ 

.1677 cm2/sec ., = 
Using ~easured aiNay disrneters (rMI), equation 28 was solved for u e in metras/ 

sec. ior dir.lensional èquivalence, d should have been expressed in cm and Uc in 
1 
--~se"Q. This error\overestimated Uc by a factor of ton, so that alr c velocity 

'at dl but maximum flow rates was thought to be less than ue' 'Rohrer conelud-.. -

ad that "tubular" now in the respl:-atory system WIlS laminar, and acééroingly 

th~art of the pressure drop was ealculated tram Hagen-Polsseuille equation 
1 

In addition to the pressure losses due ta tubular flow, Rohrer consi-
1 

dered the disturbances in flow pattern induced by the local const~cti' n of 

the glottls and changes of now dlrec'tion ln the nose, pharynx and __ ~TC:>~C 

These dlsturbl\nees .add eddies which groll with Ume when U>Uo and l'O" 
\ 

portlonal to Re when uc>u. With repeated disturbances, the fiow pattern May 

appear turbulent nt velocities as low as one-sixth ue (Re = 215}. Be10ll th1s , 
"lower l1mitlng veloolty (Ugl), a11 disturbances die out 100a11y. Du. ta the 
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erraneou8 oalculation or tiOt ga" veloolty throughout lftO.t or th. branohial tree 
J 

did not .xcead Ugl. Aooordingly "add1tiona1" 10sses vere oontlned te the upper 

ai""ay and lar~e bronchl, and vere a variable fraction of the kinfllUc energy 
tt, 

or the streAm (!pu2 ) dependent upon the radius ot thè bend relat.ive ta t.he ra-

diu! of the ~irway. Rohrer solved tor the "additiona1" 108998 (Pa) u81rig~he , 

equatlon of Welsbach 

Pa:: E pt 
,2 11' 1'4 
\ 

where E 15 Il constant" of bend geometry. 

"-

\ 

Rohrer's èquation for the prèssure 10S8 ln airways assoclated vith la-

minaI' "tubu1ar" nov and "additiona1" losses due to inertla1 dtsturbances may . 
( 

be wrlJ.tenl 

P:8v"t+ 2~~1J "- (29) 
, 11' r 

~ This is simp1ified as fo11owsI 
-.. 

P :: ,Kt V + Kiy2 ,---------------. ()o) 
~ - ........... ,~ 

'. 

r 

• 

, 
Kt has the units of realstance (cm H20/1ps) and containa ga! y,iscoslty and a '':'----

~~,_constant of airway georaetry, K2 has the s&me dimensions and contains gas den- ~ 

1 
slty and a, constant of bend georaetry. When measured P-V relationshipa are plot-

~ 

ted as pIf[ agalnst t: a straight 11ne relatlonshlp 13 frequently obt&lned! The 

slope of t~is 11ne ls K2. and ,the zero nov intercept 18 Kt (8?). 

R :: Il + K2f[ 

. Accordlngly, when ~ ls 1.0 Ips, R la 't.he sul!t"of)(t and )(2. 
\ 

Rohrer's equatlon provldes a g description ot most alrways resist&nce 
1 

measur8lllents. Yet a good rnath.,..t1cal acription does not neeesaarlly des-

or1be the nnture of the pressure drop, a .everal assumptlone i",plic1t ln the 
" ~ 

derlvat10n of equation 29 have sinee p1"Ove talae. Gaensler' (s) polnted-~ 

that wh.n ua la calCNlated cOrrtactly '(.1" Ta e 2). turbulent tlov rtq be ex- ~'-...; 
. peeted durtnt quiet breathing -

.y and large bronchl. 
~ 

It IUJ'. ) , 
'.1 

,1 

1 

~ 
1., . :::d 
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be Arguee! ~h.t the S800nd teMll ot Rohrerts equaUon oaft j.eoount l'or the ad­

di tiona1 10sses due ta turbul",noe lf the approprlate tubular geo",.t1'7 18 1n­

oluded ln K2' Fry et al. (50) theoriz«l hovever that tor a "iven Atrway geo-

",etry, the dlfltribution of turbulence ln the bronchial tr"e must chan~e vith 

gas klnemaUc vlsconity and now rate. The geollletrio factors oontalned ln Ki 

" and K2 change accordin~ly, "'Akln~ unllkely the possibllity that Kt and K2 

have Any physlcal slgnlficnnce (99). More recent analyses of !low tn branch-

• ad tubes sug~est a quit. dirf",rent bronchial P-V relationshlp whlch ls less 

afrected by the distribution of turbulence (11), 119, 121, 146), FUrther-
, 

IIIOre, the venturi tube andogy of upper &1rw"Y9 resist&nce s\lp:,ests that 151-

",Uar exponents relnte pressure drop to us physical propertifts and now rate 

in extrathoraclc and intrathoracic alrway5 (69. '70). It nov beoo",es lnter~st-

in~ to recall that Hagen ,considered the second tem of his elllpirlcal descrlp-

tion of now ln short pipes (eq. 4) to represent the kinetic p.nerp.:y added to 

the nuid beyond the entr/lnce. Thls 18 quite consistent vith the pr8sent 

understanding of no,", in branched tubes and in a Venturi Metre, and raises 
'" 

agaln a basic theoretlcAl possibllity as yet untested. ls the nature of the 

pressure drop associated with compllcated nov patterns through irreglllar air­

wl'lys ~eo",otry correctly described br the sum of viscoua losses (K1~) and 

lnortial losses (K2V2)? 

(2) Uppor Airways Resistance. For the upper airway, Rohrer,solved 

eqùatlon 29 uslng published a~tomlc dilllensions of the nostr11s. pharynx, 

f!'lottls 'and traohea. Because these passages were very lrregular ln oross 

section, the hydraul \.0 diameter' (see eq. 27) was oalC'\11ated as the fttfeotive 

diameter for now. Ouring tItOuth breath1ng, the oalculated J"esistanoe (~aw) 

vas .61 CIII H20/1ps (Kt •• OS, K2 •• 56). mo~t or whlch was due to add1tlonal 
\ 

loss •• aoross the glottis (lt •• 01. lC2 •• .54), Though these caloulatlona 
, . 

underestbtate the contrlbltion ot orophAryngeal l'eSl.tan~ .(148). thelr .111-

~ 
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UArtty ",!th subsequent. measurement.a of !\aav (14, 44, 64, 69, 148) ls re­

markllb1. consldering that. Rohrer thought the now regill!e to be 1amlnar. The 

aecuracy may lndicate that the flov pattern èxlst.lng during "tubulllr" turbu-

lence 15 qulte simUar to lal'llinar "tubular" flow when "additional" distur­
/ 

banoes Are frequent. This possibl1i ty 18 supported by the caiè~llations of 

Pedley et al, (1 t 9, 121) who showed that MOst of the pressure losses during 
1 

turbulent flow are due to the blunt velocity profUe. 
\ 

, / (3) "Bronchiolar" Resistance. gecause no publi8hed dimensions of 

the bronchh.l tree were available. Rohrer measuréd t.he lengths and clrcumfer-

ences of airways extending fram the trachea to 1 l'IIm dlameter bronchioles in 

a collapsed right human hnll. Solution of equation 29 p;ave Kt And K2 values 

for this "bronchiolnr" se~ent of ,11 and .08 cm H20/lps r&spe<tti vely, The 

Kt value 15 quite close to the value of .17 cm H20/lps estimated by Green (59) 

from the refined bronc}~al morphol'l'letrtcs of Welbel (159). Both values are 

considerably lover than subsequently M8asured values of .6 cm H20/lps (14, 44, 

65, 148, 157). This discrepancy has been attributed to the omission of a 

tem for turblllent "tubular" now (94) but it now 88emB !!Iore llkely due to -

frequent dlstort1.ons of the parabolie velo city profUe in the branchinp; 

bronchial tree. Rohrer was Ilware that no uniform equations were derlved for 

velocitles hetween Uc Ilnd ugi. }{ad he been forced to consider branchial ve-

locHies greater thAn U gi. the relevance of entry length phenomena to aiNa)'! \ 
... 

roslstance lIlay not have ramained obscure for the next fifty yeu·s. 

(4) "Lobulat-" Resistance. For dimensions of alrwa!s perlpheral to 

1 mm bronchiole!'! ("lobular" system), F«mrer relled on publlshed histologie 

observations. Th~ calculated "lobular" resistance (Kt = .25. K2 •• 01) close .. , 

v 1y resembles VAlues subsequently measured in peripheral ah"Ways (61 t 82, 84). - . 

"Additional" losses wer. negllgible.' euggeatlng to later 1nvestigators (59, 

6) that the)' !ÙRht also be neglected tOl' th. total wbr'Oncb1o':lobular" resl." 
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tance (K1 • • )6, Ka = • 09). .. Acco rd lngly, lobular res la tar\ce acoount.a for 

more than half of the lover aizoways l'es le tance (lqav), ln cont.rast. t.o 8ub-

sequent measuraments which demonstrate thAt perlphera1 resistance accounts 

for only 10~ of Rl.av. This dlacropllncy 15 ln part due to Rohrer's underestl-

mate of bronchlo1nr ronistanco, bl1t IIlUst also reflect an underestimate of the 

number and total cross bAction of lobular airways relative te bronchiolar 

airways. 

d. Flow 'J.hulllizntJon Stud1es. RohrAr WAS the tirst to test his theo-

ries concerning flow patterns in hranchinp, airWays. A mnchine driven bellovs 

sucked steady air veloci ties through .Il jÜass tubA (1 - '73cm, d - 1 CM) from 

two da\l~hter·tubes (y junctlon, 450 angle), one of 'Whioh was fllled vith 

ammonium chloridA vapor. The avera~e now rate was varie<! to a maximum Qf ",-,' 

1.57 Ips (u : 200 cm/sec, RA": 1200), and a clear separation of vapor and' air 
< ~ 

\ 

VIas observod. From eq. 28, Rohrer had erroneously calculated Uc and Ug1 to 

be 2160 cm/sec and )60 ~/sec, 50 these observations supported his conclu-

sions that turbulence does not oQCUr and eddles do not perslst ln bronchl 
1 

durlng quiet breathlng. Subsequent studies 05, 145, 162) examlned nov pat-

tArns only several diameter1'l downstre:\M trol'l'l the tube entrance and sholted 

turbulent eddies at lower Re, sup'p;estinr, th hrer might have overlook'ad 

iJTIated the effect of local / this region of his l''lodel and therefore 

disturbances ln ~ frequently branching 

Gaensler (5)) pointed out Rohrer' dimenslona1 error, and calaulated , 
Ua for a 21 mm trachea, to be' 2000. Hls value of 140 cm/sec 

(V = 485 ml/sec) proved hlr;her than observations ln subsequent studies. 

West and Hughes-Jones (162) perfused seglllental bronchi or a hollov 

airway caat with vater morkod with dye. During expirRUon', atre.llÙines WAver-

ad in the trachea at the equiva1ent air nov of )40 rù/seo (Re • 1)60). 5:1-

dies "ere observed at 670 rùl sec dowostr8u tro. lobaI" bronchl, and at t)40 

'\ 

_ ~'r_, :~!, ... ~ 
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rril/sec dOwr\strHm froll segment.al bronchl. o.rlng inspiration, turbulence 00-

curred .t 10"er fioll rates in an airways. bein" flrst observed at 220 rû/eec 

ln the trichee Cd • 17.5 fIIrIl. Rec :: 1075). At 670 ml/seo, turbulence extended 

from traohea to s61':mentlll bronchl (Re = 700). Dekk"r (5) visual1zftd the onset 

of turbulence ln twelve excised trachea pèrf\lsed with !lteady now rates of 

VAtel' ani dye or air and smoke." The ()rit~cal Re vere sit'llll~r for water afd 

air, and variee! vith the diameter 'of the t1'Ach"al inlet. Dt~rinp inspirAtion 

the critical now rates ware )80 ml/seo (Re = l)AO) wh"n thJ dott1s waS 1'e­

moved, and .52 ml/sec (Re::: 190) wlth the ~lottis present in the clldllveric 

position (adGucU6n). Abd'lction of the cards ooubltK1 t"e critic41 nov, 

Thesf) res"l ts sup;yested that cri tlCAl Re ln the hUJ1lan trache8 and 1al'g8 

bronehi '"re alose to 1290, as suggested by Pohrer. F\lrthemore, the inlet 

geometry of the airways Ipl'Oduces tUl"bulent eddies vhen Re exceed about one­

sixth of the critical value (Rohrer's u~l) whier. pers18t t'or Sorne distance 

downstream. Hyatt and WU~ox (65) found evidence supporting sirllilar flow pat-

terns in vivo. From the difference (~p) between impact. or total, pres8nre 

and lateral pressure they calcu1ated Bas veloclty at several points ",cross 

-
the extra thoraclc traohea in human volunteers, from the Bernouilli equation 

(' 
ut:r~2ilP/p 

The veloc!ty profile VAS blunt at flow rates of 0.5 to 4.5 lps. This.\.8 pre­

sutrVl.bly due ta tracheal turbulence, althôugh laminar nov wlth a blunt veloè-~-

ty profUe cannat be excluded. 

Sohroter and Sudlov (145) oxamlned the effect of tube branching on 

fiow pAtterns of air Illark8d vith slIIoke in perspex modela of airways. The 

'branoh an~l. (700 ) and diameter/length ratios \1/3.5) vere sallar ta the lIlean 

till1lensions of ait'Ways p;enentions 5 to 20 reported by HOr:tfleld and C\II!1lftlng 

(62). Secondary -.otlons liera observed to complete At. lent one he110al oycle 

vithin three dlUleters dovnstream ot the branch point. at al1 nov rat. (Re . 

" ri 
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50 - 4500), and to produeft convective diIJperslon ot slIlOke in the air Itr ..... 

. \ 

As an important addition. to nov visualieation, a hot wire probe vas employed 

to "'ftasurfJ the v.,locity profile for now through wo generationa fro" Re 100 

to 1500. The valocilty proflles v.,re distorted in a oharactftristic manner for 

both inspiratory and explr~to~ nov, resulting in a uniform distribution of 

vfJlocity aoross the section of thft tube. Thi! sug~ested that seconda~ mo· 

tions Induced~by nirway branch1n~ (and similarly by the ~lotti8) opposa the 

tendency of nuid momentum to aocumulate in the center of the tube, thus 

t'ndinr, to maintain a blunt velocity profile in the tracheo-bronohial tree 

wh.,n Re exceed 100. This concept i5 the major addition to Rohrer's under~tand-

inl! of the now resistlve pressure drop, and Us lrt1plioatlons are discussed 

in the follovlng seotion. 

e. 'Calculation of Branchial 'Resistanoe from Entry Length Theory • • 
As discussed, PfJdlfJy et al. (119, 120, 121) used the measured velocity ~ro­

files of Schroter anc(S~dlow (145) te calculate the pressure drop in thftir 

bronohial model. The calculated pressure-nov relations over Il tasted Re 

range of 177 - 699 confoJ"l'lled closely to the general equation for boundary layer 

@'rowth. This sugp.ested a ujor contribution of entry length phenolllfJna to the 

insplratory pressure drop in the bronohial tree, and provided an equlltion vith 

whioh to caloulate the pressure from Weibel's airway dimensions. Olsen' et al. 

(11) indApendently ooncluded that ent~ length phenomena are important in 

produoing th~ pressure drop in Il dlfferent l'IlOdel of airway lYIorphometry. They 

reasoned that thre-e anatomieal fellturee of the branohial tree dlsturb the ve-

locity profiles of inspiratory nov. oausing the pressure drop to 4IXceed 

laminAr losses by Il fraotion of the kinetic energy of the gas. Thes. extra 

losses ar-.. lntorrttlated, but oan b. oaloulated a.parately froM approprlate 

equatlona. Th- short length ot aiNay segmenta between branohlng pointa no­

lative ta th.lr hydraull0 dia •• t.ra acoounta tOI' at l •• t 1S'/. ot th. total 
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pressure drop ln eaoh generatlon durlnp; Inl'lplraUon (.5 to 2.0 lps). The an-

gle of eAch bifuroation causes redlrection and secondary motion or the no,,-.. 
lng gA8 vhlch account for 1es9 than to~ of the total losses per R~ne~ation. 

') 
When the branching coefficient exceeds 1.0, additional viscous losses oceur 

due to separation of now lAITlinae, accountlng f~r 10% or 1ess of the total 

drop. 

The press11re drop par p;eneration of Weibel's model ... (159) are compar-

ad for An in5piratory nov rate of 1.5 Ips in the left panel of figure 1. ,., , 

The result~ from Pedley et al (120) exceed laml"nar values by a factor of 10 

in larr,er alrwnys where linear velocitles and Re are hlgh. This factor falls 
f , 

off ra,pidly beyond the IJ.th p'eneration to less tha') 2 by generation B, !lnd R:l.aw 

15 about 0.6 cm H20/lps. The values of Olsen et al. (113) follow a similar 

pattern but are about two to three times Freater ln aIl !l:eneratlons. and 

Rraw i5 1.6 C~ H20!lps. Althou~h the estl~ated affects of entrance length 

phenomena are qualitatively si~ilar. the discrepancy in pressure losses when 

the tvo approaches are applied to the same airway dimensions i5 surprising. 

It is not apparent fro~ the equations published where the discrepanoy Iles. 

AS5umine the equations are solved correctly, the credibility of the Approaeh 

of Pedley et al. (120) i8 enhanced by their experimental verification of the 

equations ~ployed. 

The inspiratar,y pressure-flov relations calculated for the branchial 

tre& (carina to alveolus) are oompared in the right panel of figure 1. Green 

C59} and Pedley et al. (120) calculAtad frictional pressures using the airwAy 
! 

dimensions of Weibel's MOdel A. The differenoe between their values rôr â 

glven flov indicates the additional onergy 10s8es attrlbuted to boundary layer 

Rrowth. 'nlUS, branchial reslstance (PIt) lncreas8s with nov rate aRi At. t.o 

lps ia three to four tilll •• gre.ter than la .. lnar resist&noe. In the sue lung 

.odel, Olsen et al. (11) predicted much greater addttlonal 10 •••••• 0 that 
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• 
their oalculated b~chl.1 realntanoe (1.)5 cm H20/1ps) la elght ttm'8 ~reat.r 

than Green's va1uI. When they, \lIed d lmoneions of Iln ".freat.ive" ptth" .. y ln 
" 1 

an 1l9sY'II'IItrla bronohla1 tre .. , the pressure drop at 1.0 Ipts (.7 Ont H20) "afJ a 

" allout one-half of t.heir c:\lculated vAlue for Weibel'!J model. Th, p'r8At.er 

.croct of .ddl Hona! lossfls .. :JUmlltttcl by Ol~fln et al. (t 1 J) la al:io present 

ln thls "effective" pAthwtly. as indicatad hy the grenhr curvnt.ure of thAlr 

• • 
P-V plots. As a result. theroe P-V relations are mor., si.mibr to thone of 

PflClley et Ill. (120) thlln are the equl1t1ons 9mployéd by the two. -p'roup~f •. Th1s 

sugRests a 5 ~gnificant affect of the Ilssymetrlc brnnchlng pAttern on bronol'l1al 

r9sistAnc6 t which has not bf!la.~ directly oxnmlned prev1.6usly. The authors 

do not d15CIlSS thls posslbtl ity llnd pl'asent-l\llttle 'information regardlnp: the' 

cons trucUon of the Il effedi ve" pa thwny (11 J, 146). 

Thu5 there Are d1ffer~nces ln thlJ affects pred1cted for entry langth 

phenof11enll and diff9rences in the Il irvlly morphometry to whloh these concepts 

are applled. When one alsf constder!l tha w1.de range of lower pulmonary re-

slstance Among norm«l subject.s (14, 44, 148, 157), it does not seem re4$onable 

to validatIJ either appl"Oaeh on the basis' of how closely they slmulate publlsh-

ad measurementH. In th~ regnrd the resist.tnoe, oalC\\llltlons ot Green (.17 

om H20/1ps) Are AS 01050 to the only published values of loW'er pulmoMry re-

s13tance (157) meAS\\l"ed in circllmst..'\nces comparable to Welbel's model (no 

broneholY\ot~H tone, 75'1> TLC) lUS e1ther of the entry le~th estifftates. On 

the ot.her hnnd, good theoretical evld8nce hAS been prasented that entl'7 lenp;th 

phono",en. mAy contr\.bute ln An important way to oronohl"l res1stanoe. and thasa . 

thoorles provlde an excellent fràmework t'~,r further experll~utntS'~ 

III RU1IIIIlIU'y. steady no" tht'OUf(h branohed tublt modela of bronehla1 - , 

goometry cause trlctlonal pressure 108Sfts th~ee to four tlmas y'r8A~er than 
• 1 

1 

The thitor,y or bo~nd.ry thou ot lallllnar tl.ow "hen Ra are as 10" au 200. . " 
! 

layer Kl'O"t,h ln branohed- tubes adequately acoounta tor t.he addltlo~l pressuN 
t 
r 
\ 
f 
r 
t 

\, 
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ld .. e., and

c

predl-ctl that bron~hl.l- rul.tance varl •• a. the .gua~ • 

root of g" vi.cosity~ d~nalty and flow rate. EYen-l.r~er pressure 
'" 

, IOlle •• Y oecur ln laraf't·br'onchl due to boundal'Y layer t~rbul'enee, 

uniteady flov and wall lrregul.rities. Such tosses ~uld CAuse re-

o .htanee in ecntrft 1 al rways to be mor(' <te.pendent on flov rate and~ SIS" 

, , 

, 0 1 

dens1ty, and leu dependent on ga, viscos l'ty. The 10w Rp of periphera 1 
, , 

airways lIIIy mlnimlze the addlt~onal tosse.~ and laminar flow may prevail. 

3. Observed Eff .. cts of Gas Phys'1.clll Propertif>s and Flow Rate 

Gas physical propei"ties vere varLed ln a number of pulmonary. 
1 

mechanics studies (8, 9. 10, U, 13, 34, 50, 505, 58. 69, 70, 79, 85, 87. 

94, 95, 96, 114, 142, 144, 156, 164), and their re,sults vere eomprehen­, 
• 

sively reviewed (34, 50, 81, 99). ln general, these investigations shared 

the objective of determining the'physical basis o~ pulmonary reslstanee 

by comparing results vith predictions based on Rohrer's equation. Ex-

cluding earl1er studies of historical value, there~o:remain relatively 
.' , 

. fev investigations which contribute o~servatlona. beàrtng direetly"on 
, '0 

~he nature of pu1monarj resiatance (50, 69, 70,85,87,94,156). ,A 

r~markable combination. of hypo~h~ses. methods. gases and presentatl~n 

of results eomplicates compal'ison between studies to the extent that 
J 

the ext~nsive lit~raturc tends to constat of unrelated Qbservatlons. 

B8 rach (8, 9, 10) reported lM r'éd te lie (fr~m dyspnoea ln 

several patients vith elth~r severe asthme or laryngo-trachcal obstruc-

tion vhen they brc"thed a gas mlxtur~ of 20'1 O2 in helium (He02 ). When 

aubjeets breathed quietly t'hreugh a 3 11111' i ciJ orifice, 
, , the pressure et 

. " ~, 

the mouth decreal~d from 10.2 to 4.6 cm "20 when "c02 liaS sub.tt.tuted , 
'i'" 

for air. A s imi lar reduction ln pleura 1 pressuré excurs ions v .. re 

observed tft anàe.th.ti~ed. do~s breethtna through an added exter~l 

,~ 

, . 

.,' 
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r"lh~ancQ. a.lthou~h nOI dlffrrttnco ... obaerv.,-d whon th. external 
"1 

rf'.htahcr .11 re~v .. d._r BarAch I~U 1. ted that th. 3 fold d.o~.a •• 

I.n' RAS dNlllty durtnR Hr02 brr8thlna may have littl ... efhct ln nOfmll 

subjf!tts whHt' th .. forc .. rf'qulred to rnoyn la8 il IlNlll, but lI\Iy tub. 

," 
Slllntially rrduc4:' th .. work 01 brl'!llthJng ln pathntl with'obstruct(vfI 

• 
lun~ dl,~as~. This lnllMht 18 corrrct lnaorar an th. Clow regim .. ln 

thr added rrslslancr 11 dcnslty d~pend .. nt. 
~ 1 

Baylill!'J nnd Hobertlon (13) calculat .. d pullnOnary vileanet 

from plots of plPUYRl prrssu~~ anù l~nl volum .. obtalned ln thr •• cati 
0 

v(' n t li a t rd ..,ith air or 201. oxygf'n ln hydregen (11202) .. at 9, 18, and 36 

cyd,'s per minutt'. Althou8h "2°2 la only ont' fourth as d"nlt' and 60~ 
, 

as vl$COUS as air, pu 1 mUNI ry viseance \1MB simlla r on th@ tva gal.s ~ 
.' 

cxccpt a t th!' h lRh('st frcqut>ncy • ..,ht'r(;' the .vhc.~ce·. ~a tios (lt202/Ai r) 

w .. re .93, .63 And- .77. Usin~ a simila! trchnlqutt .. Dean and V'.leher . 
(JI.) obsf'rvrd no dit ('rt'nee ln tht' pu lmonary vheaneo of t rachootom1aed 

dORS brpathinR alr or lIe02. Thcoy concludod that if a 3 fold reduction 

in 88$ dt'nsity did not altH viscance, a Cully devt'l'oped laminar par.-

bolle flow r('gimp must ('xist ln the bronchial tr.e. They pointed out, 

howrv~r. thf' lar~p compont'nt of volu~ depandent, flo" lndepen~.nt 

"plalticH vlsennce in th .. lr me"sur('mentl. PrtHlumably th. large tldal 

volllm('s and 10 .... ('nd ... xplrf'd voltlmes ln both of 'thue l'xperlmt'nt. caulfd 

. cortsidt"rablr P-V hy'"t('(t'sia, so that the vhcoua pressure l-oue. of 

ft i r flo,", w('rf' too stM Il to cont rtbutr • dctectable "d1 U .. rence durin, 

forrign Ra. brrathinM. Mellroy and christie (95) mea.ured the tldat 

vo~u"", of exci,8ed huftVln lun,.· v .. ntllated' wlth • con.tant tranlpulllOnary 
j 

prt'lsure a t ): and 15 br .... th, pl't' ml nut.. Dflcauae .n~ index of vhcoù • 

r~.l.t.nce (VT3/Vr15) did not chan,. durinl v.~til.tto~ of 3 nor .. l 

lungl vith 90~ "2. Lhey al,o concluded that aoat viscanc.·~. due,to 

tilluft rather than Ra, flow. , 
1 

\ 

" 

.. 
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Otla And &rmbower (114) uled th. lnt~rruptor t.chnlque to 

me •• ure pr.a.urr·flow relation. ln twenty nor~l lubjecta brQath~ 
, 

air 01' He02' Curv ... ",ete fhted by eyl' throuJh the p .. Y data for .aeh 

luhject. and mean (i: SE) r ... 11t1vr pt'f'IIUrfl' for a 11 lIubjectl_ were 

d.,termined C rom thrlc curvPI a t 0.25 1p., lncrentents of Cl 0". Wh.n 
, 

th~.e data v~rp an.lyzed according to Rohl'cr. th. theoretlcal p-V 

r~latlons fell vithin 1 SE oC th~ m~ •• ured v.lu~s. Thus K l "'" 5 p.qual 

on ,tlu' lwo RAsel accordlng to thplr similnr viseo,lti ... and K2 on air 

la thrcc times gr..atf'r than th" "l'02 vAlue., accord!ng to the dpnslty 

ratfo of thrse RO'.s. Although the~r data verf> lnterprrted to support 

Roflet'r's dr,erlptlon. the authors polntl'd out a systematte discrepancy' 

betwf!C'n the measurèd Vl'iJues and the expressions above. In fact, when .. 
, . 

thf measurcd yaluf's in their Figure 2 are replotted al PlV a8a~n't V, 

the 810p~a (K2) and aero flov intercepta (Kl) glvl' the follow1n8 

expressions, 

• 
P li i r .. 2.28 V t-

... 1.74 V + 

• 2 
.57 V 

• 2 
.29 V 

Thu •• the bpst fit to th ... measured value. 'Ihows a two fold decrea.e ln 

K2 during 11(>0 2 breathihg and a corrupondinf' 20'" reduetlon in Kl' SlfDoilar 

\ observations ~ere m,de ln thre .. subj~cts brtathln8 air at rtduced anbl-

~nt prusurt'. wht're lhf' samt' systf'IMtic discrepancy betWeen theoretie.l 

curves and ~asurt'mt'nts w~s t'vident. Thl' authors res.onably, concluded 

that reduccd ~a. dcnslty lowprs a1r",.YI re.latanee by dimlnlshlng 

presaure lol.~s due to turbulence, although it wei not conclusively 

" shown that this reduetton conforras to Rohrn'. prediction. \ 

UsinR a" esophaRf'al ba1loon. Fry èt al. (50) mealured the 

• -{rieUo""l camponent of PL by interruptor technique Ln lubJeeta .. ~ 

br.athtng air a~d a mixtur. of 2~ 02 in ar80n (A 02). They realoned 

that Pfr .... dUt!) to UlSue vhcanee and realatanc. to 1 •• inar and 
\ 

.-
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turbulent .a. f1ow • 

• 
p ... ~l lA V + 

where K) ia the coefficient of tisaue real.tance. Sinee A 02 wa. 1.18 

times as vlseous and 1.33 tlm~. aa den •• a. air, the kineaatic viscoai-

tiel differed ~y only 10l, suggcaling a aimi1ar distribution of turbu­

lence for the two SaBes at the sam .. 1ung volumP and flov rate. The 1 

constants KI JI. .' and K2 p were obta ined by successive differentiation 

• 
of m .. asurcd p- V eurves on l'ach gas. In 18 norma 1 subjectl. 

" 

P a'ir "" 1.50 V + .71 ~ 
• • 2 

PA02 = 1.87 V + .99 V 

and in 14 patIents vith emphYSPRllt, 
"'" • 2 • 

PaIr = 6.04 V + 1.87 V 

• • 2 
PA02 = 7.12 V + 2.50 V 

( 
For both groups, the change in resistance on argon wes comp1ete1y . 
accounted for (vithin the variability of measurements> by the ~han8e 

ln gas physical properties, suggesting that K) Is negligible. To the 

extent that the change in pressure on flow interruption measure. gas 

f10v reststance only (104). these reluIts do not dia.gr~e vith other 

studlts demonstrating signlficant tislue re.istance, and validate 

Rohrcr's equation for gases of cqua1 kinematic viscosity. 

Mcllroy pt al (94) measuredRL during single inspirations of 

pur'e hel1um and ethan~oi' The constants Kl and K2 vere quiu different 

( from ~.hose predicted Crom the constanta On air. Oeaplte Ha greater 
---, 

vlscoslty. hpltum produced a lubatantlal fall in Kt.":' whereas ethane 

'"~ " ;1 

produced no change in KI though lt. viseo.fty il aboùt' half that of 

~t"n air dpnsity was increased in a hyperbarlc chamber at 4 Ata.~ 

----------- ' l~creaaed in l aubjeet. (87). • both KI and K2 
• 1. 2 

• t 1 Ata. P - 1.27 V + .50 y ... 

at 4 Au, P -
1 • 

2.37 V + 
• 2 

1.17 V 
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-
Mato and Fahri (85) mea.ured RL tn anoth~r l aubJect. br.ethina ..... 

• c , . 
of dtfferent .alecularowelaht at dirf~rent eebient pre.iure •• Re."--tance. wer~ quit •• lmllar when identical Sa. den.itie. vere produced 

by different comblnltlons of osa. Ind prelsure, and increa.~d wl~h 

relative gal dcnslty (ReD) .nd flow rate accordlng to the regre.aton, 

• 1.6 
P = .45 (RGD + .63) V 

" 

• 
Dy substitutlng appropriate values for RGD and V, constants 

rnay be calculated for air ,brea~hlng: 
• • 2 

at 1 Ata, P ... .28 V + .42 V 
• • 2 

a t 4 Ate, P "" • 84 V . + 1.20 V 

ln both hyperbaric studies, KI inc~~a8ed with no viscoslty change, 

and K2 increased som~wha t less than -the 4 lold dènsi ty change. Accot .. 

dlngly, Rohrer's cquatlon did not provide an Adequate physical basis 

for the changes in r~sistance which occurred with changes in gas klne .. 

ma tic viscosity. Tht~_ w~u attrlbuted to an al tera t Ion ln the distribu-, 

tlon of turbul~nce (~O, 94), or to fallure of the equation to account 

for boundary layer gro~th (120, 121). 

ln 5 subJrcts breathing air between 0.5 and 5.2 Ata, V.rene 

ct al (156) found Raw to lncrease according to the expohent,ial equation, 

Raw = K p • 59 
, 

Mran Raw was about 2."5 tlmu grdter at 4 Ata 0.91) than at 1 Ate, 

and this e ffect WIls inter~ediate oetween the 2.0 and 2.9 <,fold increas •• 

D 
found ln similar studies (85, 87) discuised above. The exponent re-

, , ' 
lat in~ gas densHy to ru f/stanc~ for these data is quite si!,Ua r "to 

that relating V to RL in the study of Haio and Fahri' (8S). Thu., the 

. lllllited data 8vallabl~ suggest that reahtance varie. a. the 0.6 power 

of ga. dcnslty and flov rate for the.e conditlôn.. Durlnl Me02 breath1ftl • 

1 -L. 

" 

" 

• 
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the~chanle 1h denllty .. y have 1 ••• effect on re.latanc., a • 

1ndlcated by expOnent. of 0.3 ealculated froa th ..... ur ... nt. of 

Grap' et al (S8) .nd Ott. and 8ewbower (lI4). Such a trend __ • 

denonatrated in ~h~ ~~pper alrway (69, 70), whera the eo.pltcat~d 

fluid dynamicl of a Venturi tube provlded an 'd'equate .xplanatlon. 
\. 

If the~ronchlal flow rea1me is limilar, the frlctional pre.aure 
!('. \ 

.. 1 • 

drop would not b~ explalned by the clas.ical flow regimes either alene 

or ln combi~tlon. but rather by • continuaI metamorpho.ls accordtna 

to the prevailing Re. 

o 
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CHAPDRIII 

INTRAPULMQNARY DISTRIBUTION OF INSP IRJm GAS 

A. Quasi-static l>istribution 

. 
Dqring quiet breathing, the distribution of ventilation i3 unavan ln 

the sensa thf:t..--.l!lnr. rep,lons raceive dlfrerent fractions ef the insplrate (b. V) 

ln relatien to their end-expiratory ve1ume (Ve ). This cenclusion i5 support-

ed by extensive observations of multiple and 8inl").8 breath washouts of trac­

er pas from. the lung and by astlmates ef reglJnal ventilation by broncho-spi­

rometry and radioactive ~as techniques (15, 18. 47, 107). 'In the majOrity' 

of ~ltlp1e breath washout studies, twe/0r more exponentials are required 

to describe the replacement of 1ung gas by its diluent (1))). rtrus, the nor-

màl lun~ washes out as if it cOnslsted of two or more chambers with dirferent ....... 

l!t vivo. Fellowlng a slow vital capa'city inspiration of exygen, the expired 

r-as contains, progressively les! oxygen as expiration proceeds. This must be 

due eithar to incomplets mixing within alveoli or to changes in the propor­

tion of tetal expired gas delivared from regions havlng diffarant A vivo. 

R:ldloactive gas techniques have de"'lonstrated a vertical gradient of b. vivo 

and bronchospirometry has demonstrated a wid.e range of il. vIvo wi'thin a given 

vërtical reglon. The former 1s likely due to a gravit y dependent gradient 

of pleural pressure, but little evidence is aval1ab1a ta assess the meehariisma 
\ 

proposed to explain the latter. 

1.. Uneven il vIvo Be\ween Vertical Lune: Regions 

a. Different Vg. The end explratory volUJlle of lung regionA 18 pre­

sUl'Ilably dete1"lll1ned by th. leoa1 sutta transp1l.lIlOnary preSsure and the volWfte­

preasui"e oharacterlst1oa ef the "glen. In a -al aIS 10 atud". MUlc-1I1l111 et 

J 

• 0 
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al. (107) demonlstrated that upper lung regions are JIIOre expanded relative to , 

their total capaaiti.s thàn dependent regions. 

Subjects lnsplred ': a1r labelled with radioact.ive Xenon (1))X.) from 

residual volume ta TtC. Durlng short breath hold perlods at 12 ta 20 dlfferent 

Inspired volumes,. gamma radiation was detected wlth scintillation counters 
-

spaced at dlfferent distances (D cm) from the lung top. Regional count rates 

- at aach lung volume were convertecl ta reglonal concent;ations by repeating , 

the MeasureMents when gas in the lunp. was equillbrated vith a known 1))Xe 

concentration in a closed circuit spirometer (7). Accordingly. reglonal vo­

lume as a percent of regional TLC, Vr (% TLCr ): is the regional concentration 

at each volume as a peroentag9 of the regional concentration at TLC. When Vr 
l ,1'" 

(~ TLer) vas plottéd agalnst lurig volume as a perdent of TtC, upper lung re-
w ~.~ 

glons' were ~}'é' expanded than lower reglons (Fig"j2). Betveen FRC and TLC, 
/ 

t~~ re~ationship was descr1bed by the mean linear regression equation for 

all' subjects 1 , 

FRet = 67.5 - 1.188 D (1 ) 
o 

Assuming the elastic properties ot the lung ta be uniform, the vertical gra-

dlent of sutie transpulmonary pressure va:; calculated for each subject froYII 

his ~radient of regional expansion and the pressure volume characteristlcs 

of his lunJl;. The close ap;ree'ftent of the predicted gradient (0.2 cm H20 per 
" 

cm distance down the lung) with direct measurements of the gradient lad the 

authors to conolude that "lntrlnslc dif~erences in reglonal statio volumel 
\ 

pressure relations contrlbute I1ttle to the nonuniform replonal distribution 

of gas ln the lungs" whioh "appears to result malnly troll regional difterenoes 

ln static transpulmonary prftssure" (t07). At 1\111 inspiJ'Btlon, the nat 
-

slope of the prftssure-volume curves laRds to nep;ligible dirre'k'enaes in ra-

F1Qnal expansion due to the relatlvely small eradient ln pl~ral preaeur.. 

As lung volume deoreases t the P-V dope bec01IIes steeper, and the s ... ''''Ira-

,': 
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tIquaI 2 

20 40 60 

, 

100 
V(o/O TLC) 

Ordinate: aegional lung volume, expree.ed a. 1 re.lona1 TLC (Vr , TLCrl. 
Abeei.ea: Overa1! lung volu ••• expressed â. t TLC Ind t VC. Bach ,oli4 
line reprelents a vertical lung region loeated 0 c. from the lunS to, ln 
a seated subject. 

Regional lung volume decreasee vith dtetance fro. th. lunl top, 
and uppermoet reglont are about twice al ex,anded al lower.o.t raIl ont at 
RV and FRC. Above 2S"%. VC,' th. eteyer dopee for dependent re.lo"e indt­
cate their greater contribution to overall volu.e chana •• and th. linear 
relatlonehl,. for all re,iona incllcate tha' -rlslonal vol ... chan •• il not 
.equential. Ae 1Uh8 volu .. ls' reduced balo. 2~1 VC. upper lUAa re.iona 
contribute 1 proRresaively,greltel' proportion of oy.ra cha na. 
(after Mllie-!.tll et al (107», 

1
1 
f~~: 
.,i , , 
,>.­
":.i 
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dient tn transpulaonar,y preasure caU8es lnoreAs1ng diffèrenees ln regional 
, J 

expansion. The vertical "radient in alveolar 8i&e wa~ subsequentIy confim­

ed by rllloroscopic study of lungs of dORS fl'Ozen intact (,56). 

b. Different b. V. The quasi-st.tio change in volume" of a lun~ re-

gion 15 presu",ably detemined by i ts volume pre~sllre eharllcteristics and the 

local change in static transpull'llOnary pressure (A P). Dollfuss et al-. (6) 

st~died the vertical dintrihutlon of 4 ~ holi of 1JJXe lnjected lnto the in-
-

splrate at various lune volumes du ring a slow vital capacity inspiration. 

Conoentratlons at TLC following injection at lung volumes r-reater than 25~ 

VC show8d a systematie p;radient from low values at the apex ta hlv,h vallles 

at the basé (Fip,. 3). The preferential distribution o~ insplred gas to lun~ 

bases i9 consistent with the rer,ional volume-overall volume plots of ~~ic-

Etnili et d. (107), who otfere'd this explanationl "As a resul t of the- Iess 

subatmospheric pIe~ral pressure at their level, the lower regions of the lungs 
. 

Ile on a steeper pÎlrt of the static volume/pressure CUMe -than the upper zones. 

Therefore, regionally unifom chanp:es in pleural pressure that oceur during 

inspira,tion produce relatively greater volume changes in fower than in upper 

regions". Aecordlngly, there ls a sYSt8matio"difference ln lung compliance 

between regions of different vertical distance trem the lunE top. The rela-

1 t1 ve compllance 0 f two regions ( ct / C2) may be cal eu~ ted from &qua tion 2 t 

\ ClIc.< e (100 - FRCt)/(IOO - FRC~ (2) 

where FRCt and FRC2 are obtalned from equation 1. When reglons 1 and 2 are 

5 and JO ClI\S from the lung top respectively, the cOlllpllance of the superior 

re~ion ls only ~~ of the rer,ional compliance at the lung base. 

It 15 inte~estlng to express thft grAvit y dependen~ differenees in 

~ in terms of Alveolar dlfferences of nitrogen concentration followlng a 
Vo 

tidal breath of oxygene Alveolar n~trogen (~ N2) At end inspiration OAn be 
. ,/ 

•• 1 ... 1.Ud rro .. the FR!: (Vo) 1t141Ù. ~lu ... (4V) .. lIUIl1ng nogl.lglbl. doad 

1\ 
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COUNTtR NUMIEft 
vu 

lA OF VC 
AT WHlCH _us IN 

6-1'~ 

Average re,ional lllXe c~nc.ntration (ordinate> ... Iured ln eiaht 
vertical lung reliona (.baeta .. > followlnl botua tn.,lration fra. 
dlfferent lung volu.e •• 

'" 

Above 2S\ YC, the proportion of 133X. del1vered to vertical-
1una region. incre •••• vith tb.ir di.Clnc. fra. th. lu .. to, •• nd th., 
A V of the lowel1lOst re"ton 18 about twtc. th4t of the Ufpel'llOit teal.Oft. 
Thi. relationahi, ~. reyer •• d when t~.,lratton .tart. at IV (after Dol1. 
fu •• et al (36». 
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spaoe • 

~ N2 • Va x ?9 (3) 
Vo + ~V 

Regional ne (Vo r ) expressed as a percent TLCr lllAy b. e.t1mllted fro", eQuat10n 

1. 51,,11arly, the reglonal Udal volume (Â V r) as a ~ TtCr, la estinmted from 

the mean regression 8quation ln table IV of reference 107. rewr1tten. 

A Vr = (.66'1 + .02) D) l!J.. l1l 
r TLC 1" 

(4 ). 

For a tidal vo lurne equal to 10% TtC, equa tions 1. J and 4 May be combined 1 

1 

tI- N2 = 64,5 - 1,188 0 x 79 
7 .2 - .96 1) 

(S) 

Solving for the Most widely separated rap;lons (0::: 5 and JO), nitrogen con­

centrations range from 70j, (superior) to 54~ (basal). For larf7er tldal volumes, 
~ 

re~ional concentrations decrease and their differences increue, 50 that a ti-

dal volume equal ta 20,t n.e r8s\1l ts in N2 concentrations of 6 5~ and 44~. Thus t 
,. 

the ~ravlty dependent gradient ln pleural pressure accounts for con~lderabla 

uneVtlnness in the lntrapultl\onary distribution of insplred gas. 

c. S!QuenUa~ VentUation. Lung rellions havlng the sAIlle I:i. vIVo May 
, 

be unevenly ventllated if the dead 8pace (VD), which contains dveolar gas, is 
Il 

distributed dUferently from the fresh inspi~ed gas (Vo/Vo .J. I:i. VIVo). Regions 

vantilate sequentlally when their fractional oontri~tion to the total ohange 

ln l\\ng volu",e varies t)'lroup.:hout the /respiratory cycl'e. For qUasi-stAtiC 

changes in lung volume, Sutherland et al. (152) demonstrntecl that vertical 

re~ion9 having wldely different l!o vivo wUl contribute a constant proportion 

throughout inspiration and expiration if the regional pressure-volume charac­

terlstics are unltorm and mono-exponential and if the regional changes ln 

trllMp.llmonAry pressure are equaI. Any depArture frolll these corJiitions lIlay "., 

cause sequential ventilation dUR to the static pressure-volUll. ob.racter1.a-

tics or lung ~lons. This dlffel"S trom asynohronous ventUaUon, whioh _,. 

duelop durlng rapld changes in lung vOluM, oaualng a depart.un r'l'O. the ata-
" 

\ 
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tio el,.tio equllibriuR ot lung r_~lons. 
, ~ 

These dynamia eventa are reviewed 

in Seotion B ot th!s Chapter, and ar. ~entioned here only to dlstlngul.h' 

thelll rrolll quasl-atatio sequenti.l ventUation. It should be noted that asyn-

chronoue v~ntllatlon May elther enhanoe or diminish 8~uentlal ventilation. 

f.\Joh or the evidence concerning saquant hl ventilation WA9 obtllined 

fro~ the ourve relatln~ expired gas conoentration to expired volume. Follow-

ing a ainp,le breath of oxygen, the explred N2~volume plot shows four dis­
$. 

tlnct phases. 1) a volume usually less than 100 ~ containing no N21 II) a 
/ -

siml1ar volume d~onstrating a sigmoid-shaped Ino~ase in N2~f IlL) a Ilnear 

increase of 1 to 2~ N2 per litre expired (alveolar plAteau), and IV) an in-

orease in the slope of the alveolar plateau as lung volume approaches RV. 

(1) Diffsr<snt Pres~tlr,,-Volume Characteristlcs 

(a) Low Lung Volumes. Rauwerda (129) and Fowler (47) SUR­

P(1!tsted sequentia1 reglonal fll11np;. such tha;t early-fil1in~ l'ef'ions inspire<! 

most of the dead space, which contains nitrogen durin~ oxygen breathin~. They 

oonc1uded that the!e ragions wlth high nitro~en tensions expired late ln ex­

piration givlnf the cha~ristl0 upward slope of the alveolar plateau. This 

"first in - last out" hypothesls vas te8ted by following an inspi rn tion of 

oxy~en with A f\lrther inspiration of alr. When the inspiration bagan at RV, 

the "flrst ln" rep,lons contAinlng More oxygen vere "last out" t as evldf9noed 

by the dOwmlard slope of the alveolar N2 plateau at end expiration. No ra-

ver~al of the terminal slope vas observed when the experiment waS initiated 

at FRei 

Ko1er et al. (75) meuured tho relAtive expansion or upper and lover 

lobes "ith closed circuit bronchospl~metry. IÀlring an interrupted vital CA­

p.lc1ty inspiration trom RV, upper lobes ,recolved J'IIOre of the early lnsplrate 

and le88 or the lat. insplrate than'lower lobes. No consistent pattern ",as 

d...onltrated bet"een lobar contributions to early expirAtion, 'but upper lob .. 

... ,. 

. .. 
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contrtbutcd an lncr~as~d proportion to late expiration. S'nce lower lo~e • 
• 
1 

Arf' depl"ndenl ln uprtghl and auplne man, thcsc obsc-t'vatlons lMy b~ due io . , 
1 

the pl~urAI pressure 8r~dt('nt (see below) and offer no conclusive cvidrn~o 

r~Rardlng the intrlnslc P-V characteriatic8 of lobes Rt low lung vol~mea: 

These results dcmonstrate lnterlobar scquential ventilation nt low lung 

volumes, but no evidcnce la prcscnted to support "Cirst ln - last out" 

séquential vrntllation ,at mid lung volumes.' 

Radioactive gas technlqu,es have confirmed a gravit y dependent in-
.. 

spiratory SE'quf'nce which occurs only when inspiration i5 inrtlated at low 

lung volumes. Hi lic- ~:mi li and co-workers (Fig. 2) obscrved tha t most of the 

volurnr changt from RV to 20% VC occurred in superior lung regions; and sug-

g~sted that dcppndcnt atrways ('losed at low lung volumes. When subjects 1n­

spired 133Xe boli (rom RV, r~glonal concen~rations were much greater i~ ~pical 
• 

thon basal resions (Fig. 3). The slope of the subSCQlIrnt expired plateau (Fig. 4) 
f 

incrrased at about 257. VC (Phasf:' IV) indicating an incrcase in the proportion 

of the cxplratc coming f~om uppcr i~8tons. TI\e end explrcd 1JJXc concentra­

tion approxlrMtcd prr-expiratory concentrations in apical regions. Wheo 

apical regtons having high conc~ntTatlons of tracer werc made dependent by 

inv('rtinr the subjc~t prior ta expiration, Phase IV sloped dawnward (Fig. 4) • 
. 

SimUaT Hndlngs in btll(~r body positions suggest that the gravit y dependf'nt 

pleural press urt' gradi(>nt causes closure of basal airways at 10· .... lung volumes. 

Thus thf>" IlCirst in - 1ast out" units dt'morist'fAted in ul'right normal 

subJf'cts bre~thlng at low lung volumes reside in apical rt'Rions. In considcr-
c, 

lng st'quf'lltial vE'ntil<ltion during quiet bTC'athing it 18 importali't to sepltrate 

tht.~ ('xc1\1s1vely low lung volume f'v('~ from othrr mechanlsms • 
. ). 

(b) Hld-lung'VolunWs. From thf' lincar relations observed 

bctw('cn r~cnal d('grc~ of rxpanston and overa11 lune volume above 20t VC, 

HlUc-Emili et al (107) concludcd that inspiration was oot sl'qu('nt1al except 

.. 
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> E ~d îP( centration verouo vôl~ curve. r: .. two aubiec •• who i~i~d J!Xe boll from av yh~le .tanding.~rfct. Unbroken line. 
repre.ent data g.thered' when lubj~~t expired slow1y standing UPJ 

:.-4ashed-tlne. rep~t data g.thered when subJect explred".lowly 
ln the hea<lPodown po.lt1on~ 

o 

At about 20t VC, expl~ed èoncentratlon ch.n.e~,abrupt1y, 
and valuea at, R,V approxinlated conct"lI.,tl'atJonl ln the uppermost lung 
region, Indici~in8 .. rav'lty dependent .eq,ûent~âl ell'iptyl,ng of vert.ical 
.feglons.llt lov lung yolu.e. 

At highrr lun~ ~olÛ11e., the ü,w-rd 810,e of Pha.e~.ll1 
• (uGbro~eQ llne.) a.r b~ explain.d if upper restons contti~ute ~n 

lncre •• lng proportion o'f "~ exphat, a. luns vol_ dac!!,~a.e •• 
Durinl head.down expiratton r the .lop. wal reduced or re.èr •• d • 

~ indlcaÜn. $ravlty"dependent hquentlal elllptytni of ve-rtica î regions 
'et .id han~ volume.. 1frostrAntbonhen et al (2». " .. . " ' 

o 

Durtnl l''apid ~xpiratton, Phase 1110 h hort.ontal, (not , 
4hotln) indic.tlnl t~~ ... quenttal ~lIIptyinl l,. aboUsh,ed "~72. 1(8);', 
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at lo~ lung 'yolume •• 
" / 

This rol.t1onsh1p "U not d.to.ta~~ d1rt~"'nt Whon 

,. 10n WAS rasurMi ~y Injplrlng lJ3Xe labelled gas t.o TLC r~l~ 
,.. _ .. ~ ~ .. t () 

lowlng' i:tslow daflatlon r~~TLC. suggo~tlnr, that. the relatlve rat,e ~t èmpty-
\, . ---------- ' 

ing'of the rep:1ons with op'," Airways ~re pl"Oblibly virt1lally oons,pint (1,52). 
; (1 

, Mor., sensitive technlquag have demoMtrntecl sequontial eTIIptylnr;( of 
, // Il ... ) 

1 

vertical lung re~ons. ' ~lrinr expiration, Phn~e 111 sl~pes upwa~s when unita . / 

with hiph concentrations are nup.Arior, but when th.s8 Ul'!,U;S'.~r9 mAde depend.nt 
// 

by invortlli~ the sltbject ~efore flxpirat.1on, Pha~fl /111 slopes downwa~8 (2, 26). 

By cOTllhininp; pr'J-ex~irAtory ref110nal concentra.tion!'! '4ith 4the expired ,plateAUX, 
~ , 

Anthonisltn at al. (?) calculllted that late:emptylnR of 5liperlor reylons and 

earlY el'llpt.ytng of dependent r~f~ions departed very little from the emptylng 

pa'tt"rn observad by Sutherl~nd et al. (Fig. 5). Yet thls sli~ht sequent'1al tIPIpty'" 
.;, 

ih~ can cause Q significant slope of Phase III when vertical concentration dlr-

forenc~s are la~~e. They concluded that slnce sequential emptylng 18 gravlty 

dependent, 1 t 18 not likaly due difrer~nces of intrinsio pre~sur~-volUMe 

character"1.stics bètween lung rar ons, but rather to volume 'dependent dltrer-, 
(J 

ehces in rep.lonal A P or to Il no ,ono.exponentlal nature or reglonal P-V 
, 

çu rves. Al thoullh thls conclus loi'! 15 qui te reasonabl e. 1 t should" be noted t.ha t. 

~he larfe vertical oonc~ntrAtion gradient 15 ~ot physiologlcal and May obscure 

1ntrllrep,ional sequential ernptylng. It 1'ol1ows that the latter ts ,not ruled 
\ \ 

out as a major côntrlbutor ta the expired plateau. 

Thé scintillation 'counters èMployed ln the~e.studl.s n,c.ssar~ly exa-. . 
mine bath upptJr and low~r lOb85 ln aIl but the highest and lowest lung ra­

i 

gions Ct 42 ) •• Severa' groups" have l.dhrectly ~'Stlmated lobar prassu1:'8-volUJlle " 
:' 

charaoteristic5 ln man..,) Equt1l lOba,r cOl'lpllances vere round in ,normal lubjects 

when ona lobo. was blockoo nnd use<! as A "pressure capsule" to estlmate pIeu-. 
raI pressure ohan~ef'l per .unit volume ch.nr,e m .. ,urad hy closed circuit. brqncho .. 

splt'ometry ~n ,the other l'obe (67)~ Valldat.i,pn or thls .e~od "a", not preeent-
,,'~ .. () , 

, 0 

o 

-si.... __ ', __ ":::"-.J~. > hm. d ~"'*r 
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Effec't o'f .equentlal t'mptyinS on rf'gionll lunl volu.... Ordlnat.'l 
Regional volum •• cxprea.ed •• -~ regional TLC.' Ab,ci •• a.: 
vo.1umes a. '1 TLC. SoUd 11n.a (U,M,L) re,re.ent emptying 
of three vertical 1un8 reglons r~qulred to aecount for t 
.lope of Phaie 111 in Figure 4. O.ahed Ilne. re,rea.nt at u"er 
and lover reglonal volu~. would have been durln. ~u.ntl.l 
emptylng. (a fter Anthonhen et Il (2». 

Ourlng rapid expiration, all reginn. empty along ",. in­
dieating that contributions to the expirate {~o. vertical luna 
reglons are not on1y con.tant (-a. vith duhed 11ne.), but they A.te 
equal (72. 108) • 
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/ 
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ed ard the po-mrlbl1~ty of local pleurnl pr".,oure chnnp,elJ over the oblltruol­

ed lobe (1'11) lI1akes the 1nterprotatlon of thBso rosulta dtrrlclllt. c 

ln tho oxctuoo dur. lunu, sllf'ht hut uig'nlf\cllnt d\rfnrenCe8 hAva béen 

., observad betwoon the deOntion prnnsura-vollll'110 ohllractoristics of upper And· 

\ 

Iowar lob~R (h), 48), Uppor lobes Aro 1"Iora oxp:tndoo relativo te their total 

capacitte!J th:m lowar· lobos. Th., volume change of Ilpper lobes (~TLCu) oxceeds 
, 

thllt of lowal' lobor. (% TLel) bet"foen Pl, 5 "nd 0, but ls loss thlln lowar lobes 

at hivhor transpulmonary pressurAs. The nflt effoct ts a 5,"a1l61' A V ln upper 
'Vo 

~ lobas abovtl J~O~ TLC and vA reb ti vely r l'oater contribution of llpper loh~s lo 
, l 

1Ate expil'atlon thnn 15 predicted abova. by aSSUl'IIln ... · unifom P-V chllrnctor.lst\.cs. 

ln the same study, fnridy et al, (43) observoo :)jIlli1llr results Nhon 
4 

.. the dp.freo of lobar flXrnn~\on (~ TLC lobe) WAS, lI'\o!1suret:l in l'elat\on to over-
"' ....... 

U~oJ·A5scnt;:\lly thA snmo tochnique:.; to ntudy apical and has:l1 ej(pR.nston ln 

s1x supinA Jivlnp subjects. Sincn rrnvitntlonRl differences were minimal, 

thtl striklng siMilarlty of th .. ür rosults to tholle'ln excised dop; lunrR sug-

p,csted di Crorent P-V charActerist1c~ between hUII1An upper and 10wa1' lobes, The 

. ; 
implicatiorm of thuse flndtnr;s are Il slightly increased vertical ~radlont of 

-------------------------~-------
vontilation RnO Il first in - last out" sequontiall'ventibtion in the sense 

that the rolntivo cont'rlbutions of Iower lobes ta inspiration and expirn-

tion incre<tses wi th lunr. volul'lle. Accol":llrWly, these difforcnces would exap:-

p,or.:lto the rrt\vit~ depandont sequence in Ilpr1r-ht Mnn nt mid-lunp volumes 

and minimizo it ln tho \rivorted pontUon. 
! 

(2) Diffel'pnt.6 P. Sequentlal ol'llptying'of pllrnllel unlts dm'lnff, 

ft quiot t'lXptrntion mlly ho C'xplninod if the chanre in prossure npplled to hlf1h 
/ 

Â ~ Utüts durinlT eal'1y expirat ion excoccln
o 

thn Â P of 10w, A V uni t,s and this 
Vo . Vo 

topor,raphy ch.:mgos wlth expil't3Ô volumo townro!l li. p,.·oator Â P oval' t.he poorly 

ventilatod uni ta. If slmllar volu",~ dependont lnequall tios or A P OCClU durlnn 
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inspiration, "fltst in" unitl will in.pire a large fraction of th. connon 
• 

d~ad spac~. This m~chanil. la not directly lnvestlgated by me.lure~nt. of 

regiona 1 A P brtween pnd-in'9pt rat lon l and end-expirat ion, which do not necel-

sarily convey sequrntial information. A further distinction is nrcessary 

between this volume dcpendpnt incqual1ty of regional AP and lime dependent 

asyhehrony of A P, the latter bcing of possible importance only dudng rapid 

brca thing. 

Larger A P over lower lung regions were measured with intrapleU'ral 

needles in th~ dog (42) and in seated human volunteers (33). Agostoni (1) 

critichf'd this "small bubble" method for the distortions introduced by the 

surface tension of the air-liquid interface and the small radius of curvature 

of the deformed lung. The "pressure èapsule" method (67) aiso recorded targer 

AP ln lower lobes than upper lobes in se.I1~~~ ()r supine normal subjects ''during 

quiet br~athlng, but these pressures may not reflect local pleural pressure 

changes associated with normal lobar expansion. Although these methods may 

be Inadequate, the findings of Sake et al (6), explained above by differences 

i 
in 10bar elastie properties, would be equally well explained by a higher A P 

over lower lung regions at mid lun~ volumes. Schilder et al (143) mea&ured 

more nE'gative end-expiratory pressures in uppe-r- esophageal ballonns tha" in 

middlp. and low~r balloons in sE'ated subj~et8. y~t observed no significant 

vert ical differcncc in A P dudng maxima 1 volunta ry vent Unt ion. It appea rs 

reasonahle to concludc that the topography of pleural surface pressure under 

dynamic conditions is still to be investigated (1). 
, 

Thus, spqu~ntlal'ventilation of v~rtrcal lung reglons occurs at 

low lung volum~s due to closur~ of dependent airwaYI. When ail airways are 

oppn, the proportion of a chan~p ln lung volume contributed by dependent 

rcgions Incre.scs a. lung volume increases (Fig. S lolid lines). 
. 

/ 
Accord-

1n8ly, dead space ia preffr~ntially distrlbuted to upper' lunl resion. durina 

/ 
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" 
quiet breathin/!, therehy \norlM.s1n~ t.he norrunlfomity of vent.ilation qmorly' 

vertical lung rep,ions. This etfeot 18 necessarily nmali At. mld-lunv, volumes 

because dead opace 15 ,. small proportion of the tidd volume and the Ilmount 
i 

of sequential ventilation ls small, In contrast, Ilirwlly élosure :\t lower 

volllmes May cause a mllrked redllction in the vontilAtion of depandant regions. 

2, Uneven A vIvo Within Srull LunS Reg:lons 

In n series of N2 wtlshout experll"lents d1lring brf'>nchospirometry, Martin, 

Yot.:ng and \their eowol"kers have oXllrllinad the distribution of vAntilat ion wi th in 

bl"Oncho-p1l1monary rer\ons, Followine; Il sinp'le hreath of oxyp'en, U2 concen-

trations were preatjer in th/-} expir::tte from upper ll')be~ thlln from lowor l olles. 

anci'>'lobar alveolar platea'lx slopP-d upwaro and exhibited cardiop:enic oscUIA-

tlons (88), The resul ts sup,pested better ventHatton of 10wer 10":>e5 than I1P-

per lob'és in nonnal supine mlln, provldinf' the first localizalion of parallol 
~ 

compl'lrtments havinp. different Av/voo Sincp. the rf, r:? in the pxpired FTfI!'l ln-

d tentes t.he oef7ree of dnu tion of III vool nr ra!> by -the inspired oxygen, 08c11-

lations of N2 concentration on t~e ~obar plateaux must indicate a ranlZ" of 

A viVo wl thin each lobe. F\nally, the 5] opinp; lobar plateaux 1nd icated in-

contplete diffl1stve mixirl' ,or seq'l,et'.tlal emptyinr of parallcl units t such that 

hiv~ A vIvo Ilnits contributed Il p.reater proportion to early ex~iration, ,These 
1 

observations and conclusions may be explained by the vertical gradient of 

pleural prps&ure, ~ince the 10\lel' lobes of s1Ipine Yl'!an are dopendent with res-

pect to ~rnvj~y and the vertical hei~ht of 1unr lobes lS substantial. This 
{i 

.. 
\5 a less likely explanation of similal' observations at the st"f'Mental level, 

'" .. ",hero slopin~' expire<! plateaux with cardioi'en\.c oscillations s;mifled intrll-
, 

sermental uneven ventHatton (t68) .• : Multiple brenth WA.shouts from ~obes, 

serments and subsofl1llents 5ubtended front 3 lTII'II bronchi demonstrated ft ranre of 
,l' . -~: 

A vIVo whieh was as wlde as the-observee! in the wliole lunr (149). ' ,They con-

elude that hydrostaUe forces cannot be a mAjor OAuse of Hneven ve~t\la .. , 

l 

1 . 
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t.ian, ainoe t.he Meohanloal pn>perti8s of 1 the' luny l"8sponslble for th ... dlf-
1 

rerences are Ils wldely distrlbuted ln volumes leu than 20 l'IÙ. as they AN in 

the ,whole lun~. 

8. S~rtes Inhomoenneity. In the previous discussion, th8 Iung was 

c~nsidered to conslst of two or more chamber~ connected" in pnrallel, each 

eontai~ln~ gases of unifom concentration. An alternative model considers 

a proximal well-ventilated space connect.ed in series with a porlpherAl poor-

1y ventl1ated spaoe. The different pas concentrations in the two chambers 

proceed toward oqllilibrlum by molecular diffusion. The question of ,..,hether 

inter-r~a~ diffusion proCAedS to compl"tion during the t1.me o~, a respira tory 

cycle has boen the object of ~xperi"'lent and controversy since the study of 

Kroph and Lindhard (76). Even if the time for complete diffusional mjxing 
1 

i5 too short, the concentration differences alone li single "pu11'llonary pathwAy 

May be abollshed by conv"tcttve mixing of inspired and alveolar gas (42). If , 

mixing by diffusion Ilnd convection ar'o lncomplete; there exists a Jll15 concen-

tratlon gradient alonp.; each pulmonary pathway, C3.usine the Most distal alveo-

lal" gas to be less diluted by the insplred eas than whon p:lS concentrations 

are uniform. 

-
----~_.------_____ J"U Diff\ls\on in Lung Modeis. The ti.Jlle required for complete dif-

• 

fu<don ",ixin!" has b.,en exa ... ined by apl:>1ylng tha laws floverninv the process 

to thaoretical lung models. The models :ire usually based on the morphometry 

or Weibel (159), which predicts that a ti'\ial volume of 750 ml '\.nspired into the 

lung wi th A square front reaches the twentieth generation nQt more than 2 1IIl'II. 

rrJm the distal end of the al VfIOlar sacs. Rauwerda (129) clllC\.ll~ ted that 

n concontration rradlent b.tweEm nltror.en and oXYt!,~n i8 reduced 1'n .J8 seC$ r ~ . 

to 16~ of 1 ts orl"ünal valuo ovel" a 2 mm dlt;tnnc'8 ft:>m the d \sta\ surfaco of' 

\ his lung model. On the basis of these calculatlon!IJ the possibUi ty of slr, .. 
/) 

nlficant serles inhomo~enelty of ventilation was virtually discarded for 

\ 

• 
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twe~ty yellrs.;;' Cur'llmlng et al. (29) polnted out that tha olosOO proximal end 

or Rauwerdil's model 18 An unreallstlc foatllrA whlch Incrollses the rate of dif-
. 

fusion mlx.lnp, in the dtstal alrectlon. In their modal of tho 1l1rways, a sj-

mUaI' concentration dl1'feronce estllblished 2 mm from the dis t.al end clllcrellsod 

ln 1 second to 81> of the initial valufl, and this eradifmt was.spref:ld'o~or tho 

distal? !l'lm of the modol. Pl1pér and Sehold (12) trangfomec:l thi!; cradiant 

from linoa r dlst:mce to nirwny volume. "'1'hoy conclucled that the concentr:t tion 
~ 

differfJnces wer~ abolished ln less ''than 1 second ln the d~stnl four rrenerations 
'. 

cor.tllinlnr, mos;t of the volume. AccorcHnp,ly, the 8% differ~nce at 1 second 

WtlS conf1ned to a 5"1a1l ai M-'AY vol lime. When LnForce nnd Lewis (78) examl ned 

a moc!el wh ich inclucled nI veolnr volume. no r,rndient romained after 0.1 sec in 

the last three venel'AUon!'> ('onta inlng 6o~ of the lunB volume. They concludo 

that sories jnhomo:;oneit.y rrrust be insicnHicant èurinp; nonn:'ll breathin(!, 

The calculat~ons in these sbJd ies A5SUMe a ~top concontrl\tion differ7 

anco established nt a si te w!thin the lnnf' wherc nirway volume 1s eqllivalcnt 

ta the tidal volume. Cumminf( ot al. (Ji) consldered lTlovoment of tho inter-

face with convective no'W durine tidal volume cycles of 500 and 1000 Ml. The 

Inftial concentration r;radifmt spread along the airway dUl"ing inspiration, and, 

the locus of 50% of the initial concentration proceeded no further than 250 
-- -"-- ---

ml do"'n the Jung model whon the convective flo", rate was .67 lps, At this 

point, molocules moved mouthlmro by di.ffuslon as fast as convective flow 

• 
l'loves thefT1 toward tho al veoU, :>0 thllt an assu'Tlption which estnbl \shes the 

rradient 500 or 1000 ml wlthin tho lunf! underl'stim:l. tes th~ tlm8 rf'<1uireè l'or 

dlff\tsiva mixinp,. This concopt mll~,considnrably nI ter the r<>lovnnce of molo-

cular diflùslon ta un\fo'h1tlty of vcntilntion distribution. Whare A:trlier con-

siclerations placod t'le intorface- betweon in!;p.l rod and al voolar rAS within a 

VAry few rrrn" of tho RAS o'Xch:mp,lng surface, !t may,be locnted in some perlpher­

al llirways boyond whiçh Multiplo pll rall ZunitD "havlnr, dlfferont "1;. viVo exlst. 

\ 
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Tt foUowtl thllt. IItol.nrula1' dtf1\Hllon may Aot tb oquaUs .. not only".tratlfled 

conoent,rllt.ions bllt QlliO pllrnUfJl \noqual \t\fts. The Authors polnt out t.hat. 

. thft orit\cal nature of the hOllndtlry noncHt\on to thftse oalolllat1onll n"O&l'lRl-

tAtes morft nocurate l't:lt\ma te:l of 1\ \ rway ,Morphometry and nonH\dernt\on of tho 

effeots of J'aB IIt~xinr. hy ~on"l)c:t\.vf) dlrrtH;ton (15/~), t1lrbllln-nce, and flnc:ond-

ary "loUons nt a\Nay bl fllrcattorla. As no analysls haB dofinfKI theHft conditions 

RAtlnfacloril.Y, fi Gonclu:;ion ll.hout. th" cOrrlplotone:l!l of galJ lII\xlnp frol'll lIIor!Ql 
,l 

of oXYI'An, oxpirod nHrovor. ~oncont.rllt \.oon incre-asfJ w\.th volul'r.e Axp1red in 

mid-lunv f'8tT \ons. The pt-o.-rn:n;lw, \Mr ... a~t'I ln tho proportion of f"115 d .. Uver-

Ad froM 'pourl y vont ilated r(,r10M 1'IR.y he dltH to A8~'1lch!"onol,b Amptylnf: _of pa': 

l'nnel Ilmts 01' to 1nl!ompl"te (~iffll:jton "Itbdnp' in sArles \In'ts. AltemaUvft­

ly, pl'Ol'rl)~;stv~ fl;\minut\Qn o~· }1lll<' volu!'\6 dlle \0 Il re::>ptrAtory qllottent (H) 

l.-uH~ thnn 1 m:w tncreA!J6 thn 'al vPolar n l. trol'en conc~ntration with t i!'!e. ne-.,.. . 
. 

!'Iult~ of the exce1lent study of S\kand et al. (147) help ta separate the pos-

stble lIIochnnisms. 

ed arron/ni trol?fln 

" 

Fol1owinp A 1.5 l inspirAtion of arpon-oxypen, the exp1!"-
8 

rnti.os (A/N2) decr~ased continuouqly. Silice R Affects hoth 

'~"vlnort IlARPS eq\lully, thf"se rCR\\lts l.ndicnto R r18e 'n expired nitl'oven unr.---------

• 

-,ç' --- ---" --- --- - - - -- - - ------ --- ----------------
la tud to 1"111'lOM1"Y ('as AxC'h:lnge. Dependent lunp' ri'! ~ ons havinty hirh A vivo 

<:ontribllte a l'roatnr proportion of the t'lnrly t'xplrllte (2, 26). Slnce they 

11,150 hAve Iowe}' VA/Q ratlo::; thlln !lpper reRlons (7, 1(0), ,8xpired 02 am C02 

concentration:i must lnd Lcato Il prorr'essiV8 1"186 ln R l f seqtlentlnl emptyinR of 

vertical 1Un" re,dons 1s rAsponsible for the alv~1nr N2 slope. 'This chAn", .. 

WMI not ob!>orved, :\,nd the nl veolnr sloptJ of A/N-;. decreasfKi wt th brenth hold 
, ,... , 

UMe, SUI1r.eutinl' that 961'19<; 1nhomopeneity 1l'J ~he mai.n factor contrlhut.lnfl 

to the al veolar plateAu. TheBe 1'e.lS\ll ta were ,....sonllbly slmulat«! in alun, 

modal consist1nr of three .. venly mixed oompArtm.nts in serles. A 1.S 11n-
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• pirat. fllled a .3 1 d .. ad spac,', mixe ,unHomly by ccanvection "ith 81v801ar 

S" in an lntenaedlatf' 3.0 1 chamber, a d dUfuaed lnto a 1.0 1 terminal chamber. 

lt la tnterelting that the 16't tU Chrence between nltrOlt'n concen-

trltions in the upper and lower lunl regiona do not contribute to the alveolar 

110p.. Th .. lM Jodty <tf evldenc .. luppordnR gravit y df'pendt'nt lequftntial e"'Pty· 

1n8 (2, 26) was obtalned wlth concentration dlfferences larger by several orders 

of JMgnitude than during the conventlonal aingle beeath tf"lt. Thh Buggeau 

that the ,mail amount of regional sequentlal emptying 15 not detectable wen 

concentraUbn dlfferences are smaller. Alternatlvf'ly, the high expiratory 

flow uSf"d may have abol1shed the' l''quentia 1 enlptying of vertica 1 lung reglons 
f 

(72, 108), thereby underutimating !ts contribution to the Alveolar plateau 

of R durtng nonnal single brf'ath. Piiper and Scheid (123) point out that 
/ 

there la no rt'~ason for para llel Inhomog"neity within ama 11 lung regions to 

• 
correlalf' with VA/Q incquality as has bellO at'gued for the gravit y dependent 

vert!. ill gradients. Aceordingly, thf' results of SLkand et al (147) do not 

exclude a I1I!lJor contribution to' the alveolar H2 sl~e by sequential emptyinl 
\ 

of intraregiGnal pa,raUel units havlng different AV~Yo. lndeed, thelr ex-
'" ~ \ 

perimf'ntal resufts raay be alternatively explain,d ry pa\ral1el inhomogeneity 
1 

if different gas concentrati~ns betWf'en luch pllrallel units appr0!1ch".equi-

librium with breath -hold time. 

lt is Renf'rally hf'ld that gas mixing during a breath hold oecura 

by molt'cular diffusion. Reduction of coneentratipn differencee between 

panllel vertical lung regi9ns dudng l ,boTt breath hold la un11ke1y. 

turth~rmore. if diffusion proceeda as in moat lung model studles from a 

blunt' interface located 2 mm from the distal lurfaee of reaplratory unite, 

there is no anatomie balls for parallf'l unitS' distal to the interface. Howi 

ever, if .ubatantial À1veolar gu la present ln cônducting -81r"YI .. predict-
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ad by eufllftinfT, et al. (JI) brNth-holdin" IIIAy proJ'llOte unifondty of concen­

trations ln the aubtended paraUel lunv. uni ts. 

Evldenc~ support1np th1s posslb111ty 15 reportAd by EnFftl and hls 

colleagufts ()9, 14-0). whÇ> developoo Il rllpld response technique for\ contlnuous 

1 
meM'lIr"'lI!tmt of nitropen concentration (r'N2) ln p;as eampled throu~'h the wlllls 

! 

of' intrnpnll'ltOnllry Airways. Dllr1n~ tnnat10n of the lunfls of anaesthethed 

dors with a constant flow (VI) of oxy~en, cardio~onic oscillations of rN2 

were repultforly observed in pas snmpled froll! If. mm (i"d.) airwR.ys. r'ollowtrw 

a two sAcond hreath hold t FN2 ln 4 ~ airway'3 WAS 50~ of the alveolar concen-

trnti'on (F.AN2), and decr9ased propros5ivAly fro1'll the~., per1phf')ral l1irwllyR to 
~ 

the ,l0bar bronchl, whare ~1!.dFAr.2 was less than 10~. At higher ~I, th" 1n-

tarfnes bAtwe~n in~pired oxyren and a1veo}ar pas wa~ displacArl toward the a1-

• 
veoll. whereas 10w8r VI shift8d the interfnce mouthward. As indlcated h.v th~ 

.... ' ~ q. 

rHtlllction of' dAad !'Ipllcd ~-Il th breath hol,4 lime. th0 ""j'<inp' bf!t.I·men aIveo' a l' and 

1l'\spirPd pas \.s rtlllCh slb'w~r in the absence of cRrobe actlv1ty~ The IlnthoMi 

concludA tlJat camiAc lnduced fiow 

J':3~ mixinp' durini~ Il brea>th halé!' by 

tive rnlxinR. Du_rirw y,e subsequênt exotr 

tl.irways Anhance 

and 1 0 r I~Ol"'lvnc-

Enrel t personal CO"l'l1llnt-
~ 

catton) cardiof"enip oscillAti()Y)s of FN2 ôccurrod in all airways sampled. These-
, 

war" hest explained b.v ns.vn~hronous et'lpty\np; of p:lrallcl.1unr: 11 its hllv\np 

cl ifferent r'fI;::. As. cal~1I1l\t:ed t'rom the heif'.ht of expi rAto 

t>.o. 15 reduced 
l"~ 

, ~ 

durin", Ji hr9Ath-hold. Such a ·rAduotibn WaS not observ the trnchol\. 'l11ese 
, l' 

resu\ts s~n~est Il l'Ole for molecu1ar dt!fuston in rtducinp-. thft ~ vIvo of peri-

pheral p3rAlle:t uf}.,its ~tÎrlnp-' a brMth-hold~ The Anthon po1-nt out that nn1-
-

fo~ity of par*,11el unit' concentration!'! '\.8 l \kely enhnnced by reinsp1rllHon of 

ga!! expelled from numerous units and m13ced ln tholr cOllUllOn lIIOuthward AiNay 
._. , 4 , 

durin~ •• ch cardiac impuls~ SlmU.r}Yt th., presence of .. lveobr ".s ln con-
, u 

, 
, ~ 
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\ 
duottnlr AiNaya durt-nf' the Innplratory pha,. of qulet. rosplrat\on l haits the 

ran~e of fias oonc.ntr~\innr\ tn 6~btended parallei un\t,a (l)B). 

Tt thar.fore appéllrll nec95sary ta motcH fy th" exi8tin~ concept of 

intrA-pulmonary inter-p:3:J dÎ'ff\wton. Perhaps n fil'st Approximnt.\on of th .. re-

qllirfld chnnl~8 1s to ptlrtltlan the lntemP<i\nt.f! l''h.1''1bor ln UV~ 1'I0d'il of S\kand 

-et al. (147). The prosf.:ul"e, volum" characteri,3tlcs of the two parallel co1'lpnrt­

mant.:1 must pl"oduo .. diffnront AvIVa :t~ saqUAnt id 8"lptylnp' 5uch th.'lt the well 

""ntilated unit contrlbnto5 a rrrotltl'lr prOp?rtlon of thA eArly f'lxp\ rAte. YOlln~ 

et al. (170) propO!>AO 5\.tch a Mode.l and delllOnSt,rated that n'ow osoHlil,tlons al-

tor its ol'!lntyin l' saqnonce when thfot rAsi!:tAncAs in the para.IJ 01 pathwayn 1\1"8 

flqual (soe below). To tho f'xtent that perf'lston (Q) ta fl:lch cOMpllrb'\fmt ig 

o'lonly dist.ributed. 4. 'J/Q corre1A te~1 positive] y wit~ Â vivo 1 that is, ln the 

oppo5ite dirnct.\.on to the \.nverse corl'ell\ti.on ~n ~ravity dapendtmt untts, 

Int rapul l!IOn;Il:.y~ f"as f11 Lx l.w het,~eon th~ pa ra 11 el units redllcn'; the uneven,\oss 

of ventila tion. 
G 

15 a dist..ql .. chamber in series with aach parallel chnmber roqu ired 

to accollnt ror .,gtra·tiflcAtion 0 r €,AS tensions within each parallel unit? 

Sevoral stud\M hav" dernonstrated A separation of ~a3es of rH fferinl-" dif-

tùsivity durinf." Il sinple bl"eath test (JO, 41. 54. 125). Althourh these re­
l 

sul t::; .11'e i nterpretAd as unqual t fi ~d ovldence supporHt'W strntl fic'\tion, the 

possihlli.ty of dlff\lsion amonr p:\rl\Hol unit:'> offers an alternative expl:lna­

tion. ln Il studv by CulTll"lin.' Bt al. (JO) one litre of a s'as MlxturA conta in- /1 

\nr 4O,t SF6 And ~,o;, Ne, "'AS \nsplrod rap'dly from f'RC and expil"od at 1.0 lps~ 

The resul ts and intarp1'atn tion 0 r .cont \.nuous measuro",.mts of0SF6 nnd Ne durinp' 

expiratlon Il re qui te s tmUar to the obHer'Vatlons of Georr. nt al. ()l~) aDJ 
/ 

Power (125). 51-6 it' abollt soven t.l 1'1 A:; more dense ~_han Net ~ since diffusl'" 

vit Y is inversely related to the square root of P'AS mol~ar welp'ht (128).. the 

d\ffusiv\ty of Ne 15 about 2.7 UmeR that of SF6. 1Mpintory pause 
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was allowed, the éxp}~ed conoentrations of both gases decreased as expiration 

procetded. The slopes for aaoh gae dHfarMl. 1n th" sense that the N"/S~'6 
o 

ratio lnoreased throuP'hout exp1ration. ACter a 5 second f,lnd-insp1ratory l)reath 

hold, the 1l1veolar plRtellu of Ne/Sll'6 was horizontal Ilnd the expired ratlo WIlS 

loentleal to thA insplred ratio. The alveolar slope& of eaeh ~AS m/ly be ex:-, 
plained by l'Stratification or oy lat~ emptyinv pa rallel units hav\.nf~ 10w A vivo 

henee lowar SF6 and NAon concentrations than the eclrller ernptyin(t parallAl 

llnlts. Assuminp, no separlltion of SF6 and No durlng f!lass now, it i~ arr,\J6d 

that the Ne/SF6 rAtio in parallel units must be identlé~l so that ~synchronous 

el'llptyinr' 'l,.;ould fiive a. horizontal ~:"/SF6 plateAu. Aocord 1nv,1 y, the upwyd 
.../ 

,/ 

slop" of ~e/SF6 lI'IUst be due ta mdre rapid diffusion, of (Ne toward the p,",ri-

p~ary. 

However, to tlm 9xtent that there is diffusion between paraU"l units, 

Ne moves YIlpre f:lptdly than SF6 Along the concentro.t\.~'r ,.:radient from the hirh 
(, \ 

AV/Vo unit to tha low A vIvo unit. Accordinp.;lYt the \~:e/SF6 ratio heCOll'l6S 
\ 

lower in t:le early emptyine unit, and the AXpired plat~au 15 explained by 
\ 

saquenUal emptying of pllrsllel units havlng different 'Ne/:'F'6. This alveolar 
~ . 

~---, , 

~l~pe decraases with breath hold~~.,;;Hme as bath FasaS ~\lil ibrate between 
~ \ 

the parallel unl ts:- The al veolar slope of eaclr-~co.nt t\nued to C'hanp-e between 
\ 
, '" 

5 and JO !lf'\conds al thoufh the Ne/SF6 ratio did not, indic~tlng that gas lI'Iixing 

èuTf'inp' thi.s interval wa.s equal for ~le and sr·'6. PUper :U1d\scheid (l~) point 

out that this rurther homoRenization 1~ not easUy eXP1.ün1 by molocltlar dif­

fusion in pulmonary nir spaees, sinee the chante should be ~\ fferent for the 

two v~ses. They 5ug~est that gas m.\.xing durlng this Ume oo~rs by dl ffusion 
a 

thr:ough pul~onary tlsS\18 or by convective mixlnp; caused by the ~chanical nc-

\ -
tion of the heart. 'Rn~~el et al. (J9) att~\1:)llt", th,) '1lachat:liclIl mL'<inr Action 

of the haut to Taylor diffusion and conveotive miX1ng. Th~y calculntéét thllt 

the effective d1tf\lsl'lity of gases dur1n~ Taylor diffusion i5 not ~lnled to 

œ , 1 
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the P-IilS 1!I01ecuIt1~ Wft\r,ht ln the Ra",e way aD IIIO'leclllar d~f1\tslon. In raot., ~ 

for card1o~enic no." ln 6 1IU'I\ bronchi, path the effective dlfruslvUy ~6 , .. , 
convective mix1nr d'le tl) secondAly motion 15 jrfllat"r for 9\<'6. th8n for AlI" or 

helium. Ar.cordinv:1Yt th", paradox ln the rJ'tsults of ~~IJ',U'Y\1nv. et Ill. (JO) may 

hé axplAinAd, on the bll:'lb ol cant,"huAÔ hO!'lloP9nlzation of pas tensions llmonp-

parallel units by a process le9s sensItive to molecular wejp'ht differences • 
• 

(' ''? The ~lopes of the ":\1 '100181'" platenux "l'Iet\sllroo at li'RC betweQn the 75(2----,-----------
~ - 1 

and 1250 IIll e~pired ~~ere 2.2!- wlth no breath hold -and • 7',~ after a )0 sec br~th 

~ 
hold (JO). The. allth?rs conc.lwle that at loast· two thiros of the plateAu re-

c-' 
nnct incf)l!lplete dj ff'1Jslvù rüxjnr. :t should be not~l that thts doo:. not 
,,, 

l 
1:..1 mi t th~ont rtbution of seqllential empt:(iM of parall~l, un.i t5 to les5 thlln 

/ 
/ 

;..t' one third of the slope, since FilS ;;;ix~ne ~\nf" a breath hold may'reduce the 

slope of the alvP.Olar pJateau hy dirdnishinp concentrntion dif.f~ran~es all'lonrz 

intra rOi",i.oMl parllliel uni ts. F'urthAmo~ t AnthonÏfjen et Al. (2) po: nt out 

thllt the rnpid inspiration and eX}§ltrntion U!HX'! in this St11dy considerabJy a]-

ter the pllrllliel distribution of ventllatton in the sense that concentl"':\tions 

Qin vertical ~ln!" rep'lons are equalizecl (1)4) Ilnd 5equent1a~ emptyinr 15 

' ........... Ilboll~h~ -"(Tnt,. As a ;esult f the pa.r~llel concentl'at:ron differonces r1ay ne .. 
!"IlIch laliT~r dur1mr a 'nonnal inspi .... ation l'lm expir!\tion. 

(J) Qiff'.lsion and Gas ~ch .. tni-·~. Kylstrn et :11. (77) ventilated 

do~s with hyperi~(lr\cnny 0XYf'enated Rin'~e1'" solution, and ,re'flllarly ob~u,rved 

. dlffer~nces/ /r~ooo tru!1Hr between inspi~ed and arterial 0XYren tensions. In 
/ c ~ 

slllllplès--1:aken a~ lnc1"'e:1sinr distances from the lun!:. in the outflow tube, 
// 

o~~·en tensions were propressively hir.~er and carbon dioxide tensions ~rorres­

slvely lowor. These ob$orvat1ons 

:m! carbon ri \oxlde 

\ 
ln conjunction wtth the lIIuch Iower d tft\Is1-

t) 
-JI' 

\.n·watfl1"', thnn in alr lad tl1e Authors to 
1 

, 

c clude_..t:hat over all pas trllnsfer wu .<!1J't\lSton l!lIlited. They 81mtlRted 

these reAul ts in a sphor\cAI lIlOdel ",hi ,~h allowed d'\ rf\1,,1o~ front .'t~e centre 

1· 
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ttrrou.th " rad1111' or .~5 """ to th., J/Ult ."ca"an" .. lM.l..rf'Ioft. st wn" lnt'!! Blt,-
t l.' 

i ~ f' , CI -

p;.lIt.d thQt t.h" v_ry ,,111.11 d\I'lOn"',Pll1t' of t.h"l dHfiln\Cm ntOdAi l'tAy hA du~ t.a 
r ", , \ ,..... r 

'# • , 

l'lOr .. ")(t.,,~,,\y" t.llt·blll~nt /IIlx\n" ln, \hfl ('''nt,,,,, or ronp\rllt,',ry lohule" dll·r\nll. 

wator hrM~htn;, (~.t). -..:'.; :, . \ '.. . .' 

Al t.hmwh \~.t,rllt.\ r~Ot\'t{()~~i;·~:~,n;lr.entrtlt.l/)n~ \11 ;)r'"",njJ() ~I\,!nl fi ?f\tH': 
~ '" t.> \1 

durltll' llqulri brf"llthlrlP, t.hn'f\vl\\lnhl~ " Id8n<H' èI\WI'8!'1t.11 t.hflt, lits ln not 

t2"l1f) "lllr1n~_ ,'Ml br""Udnll • }.~Ar~ln "t, "1. (9~) ·Oh''lflrvl .. l thJd ,'lVI9()l/lr~/\rt.nr\Al 
'dj f'f.,t-nnOM q r 1'l)t'<;lI~"r\ pA ~x.'\~ L r;rt)lHIIl ret) (A - 1\ ·li{),,) w .. r .. ,?ru"t.er \ rI d,,{<t dllr\rw 

v .. nt\h,Uon w:th td1" tyBn wlt.h n În\xtllrl' of 5" O;~ in !WI) \n n hyp"rh~~'t'(! r'hamber 

&t 4.0 AtH (~O X a\t rln"11ty). No chanVA3 wnr" ob9nrv~1 ln 

v.1m'\f'I"'1\on nt' ~tl pnr~nnt v(tno\l!llldrUxt.l1r .. , l't1lf'P9'!it\nv. thllt 
) 

\nl~ of vnnt\lnt\un And pftrfll::lon In're~p1rJ\tnrv unit" '''O~ rtt:lpOT\'1 hl" 1"01' th~ 
, 

lomprovftd VI\I'I ft)(ChAnV.) on S~'6. Thil}' r""~joned thAt !IRS d ... nl'ltty \:~ 'ml ~kAly to 
a . _ • ~ 

C'hl\nlf',,\ rf'lp.lonRl'v(;rt'l\~H()n or ,,1a..t.\(~ pi',f>pnrtl"rl, ,h\lt. mAy \ncrn.ll'f~ rGjI\onnl 
,~) - '. - . ~ " .' 

rfl:1l:ttanètl::l And convoot\vf) l'Ii:xlnk. Thf'':( npo('llht., thAt \norl'ltHi r_w\onnl 
• 

, . 
TfIJ"llfttances MAy reduoe th .. vnrlnt\ontl of'fJA/Q rat\oH amonf~ par/dlf'!l un\t:'l AfI 

Yow.. Low h/Q finHô .. 0 ",,:rly ivont \ lA tod duo ta tli.,"r low ,'omrll n ne. 

Ol! r1 nv. /1\ r h r~tl thl nr" bu t du 1"1 np; d"n~ e ~'It!J hr"":rh 1 ~17, 1"&'11.9 tA nC"t''')A r~ !4U f­

fll!\ .. ntly 1arf~e to A\ter tho parallol dl,t.r}hut\on 01' vent\lrlt1on. Jr the 

,re:J\ntllnce t,o low VA/Q un\ttf, \5 tOtlH t,hAn to· hll7h vAiQ unH:i, Sr~6 brftllth\nl7. 
" 

rt l'I"Ol'll'l that addittoMl éOtl<Htl?nl'l n1\l~t., 

hn ltAt.\tlr\~ h .. forf' thi!! m.chA~ism exptalno thelr roslllts •. ""'0"" "vort\oal 
1 . 

ll1nt~ ret~\on~i. 1Q'" OOl'lpUancé un\ts aNt locatt'l<l ln thé 1SlIperlôr r.fl,lons br 

th~ l~np'. Ikl'll.i. h~~e 10w A vlvo and h\f~h VA/Q, A l'hi ft of ventilntion to",ard 
, !.f 

• the~~ ra~ion" and "",a y front d .. pel'ldftrit N'ilo"" 'hRV11'\f~ lo,", IJAlQ CRn only \noro~~. 

th., ~A/~ ~,\r\a"ge. . l ' 
Âccotdlnt~ly. 0 t.he ~A/Q Vlu·lanoe respont,\ble for .t,he A. - a ~ .' • SI, ~ J r~~, '" ( 

~ , IIlUSt: res\de wft.U\'\n lJrtla1\ lunrt rep-\on,.·lthere the p'ravity rlf'ltf'lrm'nncl '\n'{erse 
,,' . .... -

oorrchatto.n= Mtwe.n AV/Vo and vAlQ fltny not extst. ~\lrttatfi'mor"t the NS1s" 
; 

J 

.. 

.. 
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\ 
tance of pèrlpharal . Altway,s supplyinp, parallel unite w1th1n sma11 lunp; 1"'41-. 

- , 

~ions must be density dependant. This i8 qu1t~ possible since Re, ~q cal-

culâted t'rom the dnta of Roso (1J7),.flxceed 1000 in,four mm'Àirw'ays when 

flo,", of the dense p:~s b ~2 lps. .J,. 

, 
Molnr.ullll1 diffusivlty 15 abo'ut 4. ~ ttmA~ less on the dense pas ",t~-

',' 

ture, which should mnrnifyrthe effect of ras 5tratl~tcat1on when compared to 

a11'" brpathinr. O~thA other hllnd 1 ~ncreas'ed convective mixing of \nsfùred \ r. \, \ 
and alveolar p;as due ta the iow kine1"latic viscosfty of the SF6 mixture ma.y 

offset U'e dncrf'lasp.<i molecular diffusiv.ltv (41). The authqrs were reluctant 

ta Iic('opt' thi'i.i üxplanat ion 5 inca 1 t impl tès that seri es inhomopenei ty accounted 

for an A - Il D02 -rn excess of 5 nm.Hr ç!ürinv., 'air br~in!!. Altérnatively, if 

cardiogenic now osci.llation~ d'el i.v~r .Kas from parallel urüts into t'heir com-
.1 . 

'mon ~irway du ring quiet breathi~Vt the physical prope~ties 'of.the Sf6 ~ix~re 
, .' 

. favor mixina bv Taylor diffusion :md convection (J9). 
l' • 'r Accordi~'ly 1 the dyna­

) 

rnc rnixinR: of the heal't M:.\y C'BUS., a rreR-t.er reduction in pârallel inhomogene-. .' 

ity during ventilation wtth ~ htrrh dÎ.'msjty gas. 

~llmonary ras-axchRn~e was measured in normal men breathinr de~e pas 

mixture~ (1;6 t 11-7 t 119) .,/ '1n fi va suh.1ects, Po - a ~ ran~ed fro~ 4 ta 20 . 

while breathinp.: air at: 1 Ata" >ano from 26 to 37 mmH~ while br-eathing O,9~ 

yp,en in hol ium I\t .Jl. J Ab (117). The "l.'\tter tM$ mixture ,wa~ 4,4 1jimes AS 

, 
dense ns air ,nt normal barom~trlc pressure, and its oxy~en partial prcs~ure 

when inspiroo- (Plü2) ranped from 216 to 221. The AJlthors considered that 
~' , '0' 

ooincl'casad Pî02 wOltld tncreaSe A - a DOl due to trua ShH ts t and the increased 
Ji " c, . 

ras ~nsity woül9.;.'impair moleculnr di.fl'nsion and ,mir:ht also caus~ rf~tHstrib\l-

tion of vent natton. ln one. subject who ~brellthed 1.14 : oxy~en ln hell'ûm at 

t 1l.6 Atn, 'tho met'lsuroo A - a l.J02 of' 27 rnmHV exce8ded 't e value oC 19 mensured 
~ -,..... , 

n1; l.0 Ata, desplte ,virtulllly lder\ttcnl Values.for PI02. anc:i.t.he smallor (2.08) 
l , 

dlscr~p.'\ncy ln ji!IlS l~~nBt ty rot' the two cond1tions. '1'lTh same lJubjo~t wu one. 

-.I. __ ~, i~_ . , -----,.----

\ 
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J 
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of live whose A - a 002 ~a ~.Iured while breathln8 100t O~ at .25 Ata (116). 

In this envlronment his A - a 002 decreased to 8.0 mmHg ln aêcord vith the re-

luits in oth~r subjects, augle~ting a contlnuous de~re.se in A - a 002 as the 

-
fractions of 1nert ga. ln th. insplrat~ decreased. Overfield and hi. co-worker • 

• 

(116, 117) p01nted out that if the distribution and magnitude of VA/Q ratios in 
, . 

the lung a re constant, the appa rpnt shunt taused by a reas with low VA/Q \lit 11 be 

minimi zed hy the convergence of gas R 1 ines as the inect gas fract ion decreases. 

Thf'y considered this the MOst probable explana tion of the increase A '- a D02 

at 31.3 Ata. 

Saltzman et al (139) measu~d A - a 002 in three resting subjecta whG 

breathed gas mixtures of 02 in nltrogen or helium at 1. 4 and 7 Ata,. The PrOz 

renrined cons tant a t about }50 mmHg and the gas de,nsity ranged froru .35 t(j 7 

time~ t-h4>-deJl,sity of air at 1 Ata. Opspite the increase in inert gas fract1on~. 
If 

as ambient pressu~e increased, Œn inverse relationship between A - a 002 and 

J 

gas density was evident, especially in two of the subjects. 'lbe authors cho$e 
, 

to ignore this trend and attempted to explain the failure "to demonstrate i~4 

~~ed transfer ,of oxyg~n during dens~ gas br •• thing. U.ey eonside .. d 1< most 

likely that stratifi~d inhomogeneity was not a significant factor in pulmonary 

gas ex~hange in these conditions. In a subsequent study, Flynn 'et al (46) 

reported A - a 002 values ~easured Jn two healthy subjecta immersed ~o the 
. 

chin" in water. White brcathing a mixture o( 21't 02 in heliUlll at 1,.15 Au, 

A - a 002 for the t~o subJects were 29.4 and 49.1 mmHg. TVes. values de- . 

cre.se~,to 14.5 and 22.1 respectively when the subjecta breathed 1.1't'02 in" 
do {J,1.. 

he liurft.~ Pr02 va lues ,for the two condi tions weTe about 170 IIIIIIII1 and the laa 

at.depth wes about 4 times more dense than at the surf.ee~ ~~lar reductions . 
in A - a 002 at depth wer~ o~se~ved during two level. of li,ht ex~rei.e. 

~. 1\ 

ln conclusion, substan.9a1 series inhollOReneity has bçan de.ftstrated 
". 

clur~na saUne vintUation. lt Icellll plausIble tut other investigation. 

f 

'. .' 

". 

, 
j 
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rBvlewoo, rrenorA11y lnterprotod a~ SllppOl·t1rW stratJf"tcation, Ilctl..lally OB-

MonstrRte lncomplete ~a~ mlx\n~ \n par~11el un\tR, th~ concentrAtions of wh\~h 

pro cop.(I towArci '_"qllill.hrlIlTII by (';}rolAC i~ll,.pd TAylor diffusion nnci convoct:\v8 

"lix'tnF' R5 wall :1.', by fII()lueular d\ffll~ion. 

b. f'~r.'llt(\1 Jnhonorpneity. CRroio,'Hnlc lind 110\-1 inducpd o<JcHllltionr; 

observeel in J'AS f'xpi roo t'roM pcrtphor:Ù lunv, units ara best expIA inAd by <;p-

'":\'i c(Jnc,.ntr~ti(ms. Such concAntrlltion differ~ncos :~re pro!'lll'"ahly duo t.n var'i-

'ltlonc; .1n the lntr1t,~,ic strer.s-strtlln c'-larncteristics of rer,ph·,'ltrll'Y llnits, 

• Jo('01.l diffcrnncù'; ln nppli~ 'itres~'J or differ('>nt dist.riht1tion of (401ld Sp:lco. 

The streo;C:;::::>:;+1''lin characteri5tje~ of indlvidual nlvp"lllr wa]ls in 

thA cat (9) and Mlln (1)0. 151) ~;h3re TIItlny of the visco-~lA$lt;c properties of ,. 

stat1.C P-V curves in th~ intn<'t lunp'. Length-tension relationships are r0,n­

llnear and .1!"A dl fftlrent on .stretch th an on .release" (hysteresis). The hys-

teresis jncrease~. with the nnn] force nnd decreases with l'epented cyclinR, 

:lSSOC1Ated with an 'lncrea<;e in ti!3S1l'O compliance (adaptat1on). Following.!.\ 

.: 
"tretch, the force decreases with ti~e (stress relaxation) nt Il rAte propor-

~ . . 
tional to the final force and ta the rate of extension. 

.;-
Ad.<\nta tian And dyna-

,\ 

/ . 
mie hysteresis r:n.y be explained by the Sllme 1'101ecular rearranpell'lent (v\'sco-

elasticity) :\5 st,ress relnxntlon, wherecul the stat\.c cOll'lpOnmK. of ~ystAre5ls 

(p13sto-elasticity) 15 not. Tn hUl1lan .lungs, the I\re<1 of' the hysteresjs loop 
\ , 

15 .q constant proportion 01' the arell under tho lenptlï tenilion cllrve, r~in-
J 

, lscent of the static P-V hysteresis ln the \ofhole lung (4). U8lng a standnrdiz-

ad cYII!lluf" pnttern ta t'I\ i n1mi7.e varlations due to stress relaxAtion and adapta-

tion, Suvi hara et Al. (151), menHured the l!enl~th of tiss\le nt whlch forC'e first 

increased t-1Hb extonsion (Lo) And plotted leneth-tensl.on relationshlps as ex-

tenS'lon rAtlo" (~!!2 t/Lo> aga1nst applled stresS. The len~th nt infinite ------...1 
\ 

stross (LmAX) was prtIÔ \ cted from the length tension CU~08, AiidrEB4e~m~I\ffIII--. ___ J 

'" - -----" 
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m(t~m:l\.bntty ...,rAtio (>. m~x ... Lmax/Lo) WAn' aalculated. 'l'he "trp.s8 devftloped 
\. ~ 1.' 

at ~~y' strlltn ~r~ T611l~r ".a >'1'I\1\,x. whtch la reprftftflntnt\v~ of mAny propftrt,1eR' 
\, , 

of t~e tts!tufi",,'.Tn 1?(J !jpoclmf)n~ obtnined nt Autapr.y.or nllrrery l'rom)6 lunprI, 

1 l, 

f À'!)llx\ rnnv'lCl from l'.'J),ta ?6. An invorso correlnUon of' À l''ItlX with nt"" "lIlS . , 

f'ound'ltlYvl X mAX Wll~ 10w8r nt lIn.v tH~" \1'1 p,1tiontr. I./lth cliff'll',o Oh:it~lCti~,o 
. t 

lun,r dtsflQ-se. Hithln onch l\ln!~, thern WIlS nonun\ fomlty of X MaX whiC'h IoTIlS 

1 

nat topolfrnp)'\ 1. ca lly located aM cHn not excAed th" r:mjTo of l'!1ennn' hetwAen cH f-

ferf-mt. lunr,s (t.!I-P. t.o :'.2). Thfl ;l\tt"'or~ point out th.'\t >'l'lIlX rtl!ly d6f'!'enSe 

dlle ta , .. rP.duction ln the l Anf' th of t.l<l~ue rl1sponsibla fO.r the Uqton" nt ~ax, 
\ 

or dlle t~ An inCrAll:3A' of Lo. To thn f.'xtent. thRt varjatlons in Lo arA rf"'lnon~i-

bla for t~e l'nntor;A of ) r:a.x \n aaah lunf~, ther" "Iay (>}'ist li ranl'A of '10 within 

sI":1l11 l\ln~ r~r'ion~. F\lrthernore, the chanre \n stre'iFl for a piven chanl"s ln 

leMth ".,,\","e,ü.r for. tb.ua ',lth low X Ma". At 25~ exteMlon, th •• tre •• 

in a ti:35Ilol havinfT ,)c max = 2.0 's only 20% of thl'l.t jn Il tlSSllt't with >.. "ltlx:: 1.5, 

and this' dt C-ernnco becomen lary,er as the dt'll"l'"ee of extension t8 I.ncre.\sed. 

If ,thosf.' ln the intact lunp.. low X max unit5 havlnt." A hir:h~r Vo 

are lel'ls 1 ess vent Hated by equal npplted stress than htf!h X' max 

'mits. The :\\lthors speculate th1\t the ram~e nf intrare,,~oJ1tll I:J. vIvo lIUly be 
• 

tncrell58C1' by 1 cal varlatioM \n sllrff\~e ten5io~ ~r~ appl tee! prftSSlIN!I. _ 

'POherts\n et al. (1 ,2) èesorib~ th. distortion orodOlce<! b:f dIscret. 

lorcos ~xerted 11\a 'in'lt the rl~\lrAl !'Illl'faco ,of excised dor lohe5. At a'Ppl ted 

pressures of l~l) And AO cm H20, pat'enchytnaL dlstort1t'ns "'ère closely limHed 
h ,\ "'-;. ~J. 1 1 • 

ta the pleural '3u~t'ace and fthnrply del'llarcnt,ed from the surroundin~ pArenChYl'lR. 

-,! They conoluùo thnt\thA lunp: has mechlln tsms which 100ltllze distortions pro-

) '-ouced by local p,re!ll\lll'e chAnp8!1. lt may be Arrued th.t. the~8 mechani,;".Is 
\ 

stabUtzo th" vf\ntHa\ton pattA!'n!! uC intorcotmected lurl~ units ~xpos,>d to un-
\ . 

eqllAl Appl lad stress8s.\ The a\jthors al.o,o observed contliderable variation ln 
- . ~ \ ' . 

thft nvèt'are a.lvHOlar dlmèrstO\'S w\thi.n lobes expo!ied to n oonstant trAnsplllmonal7 

-\ 
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pre~H!\lrel provin in" prel:\llüMry support fol'" variAtions 1 n Vo within lun., 

t"flJv\.ons. 

Jntra-repional dl fferonqe!l ln VD/Vo may occur riue to cil f!'arancps in 

rer;lonliJ Il l.rwl\y volumt'lfl. ln the do~ lunv" the hronchj III path to terminal 

bronchl Axhihib, :\ wid", r'inr,o of l~~hS :md dllunnters. fitlch that the lonrAr 

püh hn::; the widel'" din"later (137). As a l"'er,.llt. the dead spac", VO]Urrl6 i!) dic;-

• 

tl"':but~ nrpfarant'tAlly to ncr.iphfJr'ü alveolL Slmi1:lr me.'\:lU r~"neny 0n 

fre5h \.n:iPlr:i te 

the human 
, 

lunf7 indlcate the insplred VOlllfll8 l"'eqlli.r~l to 1ntroduc~ , hto 

".,'71, l (6") r. ., (~. ThIl::;, in~p\rat1nn ()~. pOO M.l of oxy;;en "'oulci f"iVA alveoJar nitro-

f"en concentration diff.!rence:'i of about 5% cllle to rlead 1jpaCe ventilation a10ne • 

.in qu~si- .. ht \.e condit.ions. vortical uneVf>nnel'\S of ·tntrapnlmonary 

ventilation 1s c;ill~ to the exposllt'e of Illnp'~ ~·'it'1 eS"sentially uniform P-V chllr:tc-

teristics to a ~rravi ty-rlepcndent er'Rd ient of plellr.'ll surface pl'es~ure. At 

lüd-lunv volumes slIp'erior lunp' rafj o~s are J!!ore expanded t hence lf)ss - compli- ., 

ant. th"n dflpt$ndent r.egions. The prl."f'erent\al distrIbution 'of slowl.v \nspir-

ad P'1\S to '~Apendf)nt repions 1!> ndt'q\\ately explained by the vertical I,:radient 

of cOJ!!plian~e. Lotis conclusive evldence su~~p~ts t~at different lo~ar P-V 

('I\rves, diffor(>Ylt "edbnAl .:l P, and s~quonttal ventilation each Ilct to 1n-
, ,.,";l~ 

cri'llt~ ",t,he verti'!nl r:'\n ... ' of ~ v/vot altho";:h .the!.r total ~ontribution 1s ne-
-, . . , ( 

censarHy 5l11all. At lot., lllnr volumo5, ventUo'ltion of ba::;.1l rep:lons =15 lIIJ1rk-
1 

erlly reduced, presum'lbly dne to \'r'lv\ty depandant nlrwnys closure. 

" An cqllAl1 y lo1ide l'Ange of il vIvo e.'I(1.st~ wlthtn smnll l\1nl' refYions dur-

i.n" ql,iôt brenth1np: Althouph !':ol"'les inhomof!enoity 15 by far the most pro-

minent cnuse d\lr\n)~ sa1 in~ h}'eath\nK. the mnjority of o~)6oi-vat\Qns in l11ore • 
. 

nomal bond i t\bM sur,~est the presence or substnntinf parallel ineq\laliti.~ 
. r , . . 

of AV/Vo, The MOst plnusïble expl,aYlAtion 18 based on variations in stress.-

______ ~7~7 .. ______________ tt __ ~ __________________ · 
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Itrain charactetistics of individual alveolar walls. whlch sugsest that 

units with high Vo ar~ l~sa,compliant. henc~ less ventilated, than 10'" 

Vo units. The amount of unevrnncss la substantially reduccd by i~tra­
i 
pulmonary gas mi.~in~. and an important roll' of the mechanical action 

of the heart in this proccss i5 suggested. 
l , ... (J 

ThuI, the .1ntrapulmonary distribution of ventilàtion may be 

de'scribed by a series of Vol Â V distribution curves, cach repreaenting: 

a vertical lung- reglon. Th .. mcan Vol Â V va lues are ca lcul.tcd from thE" 

ratio of ~quation 1 to cquation 4, and the corr~spondins frequp.ncy la 

cstimated from the relative numbers of alveoli in cach re8ton (s~e Table 

17). The disp"'rston o! Vol Â V 15 as wlde withln each reglon as for t~e 

whole lung, suggesting that lntraregional dispersion accouncs-ror most 

of the uneven ventilation. 

B. pynamic Distribution of Ventilation 

Wh,en brcathing frequency' or flo", rate La incrf'ued, regional vent!­

,-:.tto~,t. dtff.rent lrom tho compll.~c. det.rml~.d valu •• ob.ervod durtns 

quasi·static thanRes in lung volu~. This SUlse&ts that one or more of the 

- , 
~ramet~s d~termining the quasi-static distribution ia time dependent. The 

tlme ava~l~bl~ for v91~ change ~y theor~tically tnflu~nce the cOmPletenel1 
\ 

of diffult~~ mixLn8. th. amount of rcspiratory 9reslure generAted over aaeh 1 ( .. 
). / - . 
\ung r('gtol'l, and the degree to which distendblf' lung unl.ta. appt'oach ela.~~ 

r' 

'\ .. o 
, 1 

.' ' 1 
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"'l'ln Ibrl" .. "l'.h thft appl\od \res"u",. Most of Lh. studio. ,""vl.wod ln thio 

section employ techniquos whicl1 are indepandant of the inter-vas dlffu3ion 

, ' 
: pt'O(!es5. As d lscus!1ed Abov~, th" li toril turo c"nblns 1 tttl f) informA tinn re-

f!'nrdlnl' ~_hR topof'raphy of dynAmi..c plp'1Jrnl !>llrfar.e pressurA. Tn r.ontr"\I~t. Il 

considerAhlo :tmollnt of information 1<; ::lVa\lnbtR on th/) role of mechanicAl time 

constants of 1unr re~i6.z1s in det.ermlning rerrional venti1:ttion. 

A'!r')!"rHng ta the equo.tion of ",otion, the pressure llPP] ierl ta lunp-' , 

llnit!l \.5 dis5ipated in fr1ctlon nnd ~tored 'In elnstic distom'l1on whon tnertia 

15 "Po!"'1 jr.rihlp.. Dtll"';niY '11m-r ch:mr.:es in lunv vol1\Me, an eq1Hü 6. P applied syn-

chronouc;ly ta t'olO such Ilni ts callSPS voluYI'Ie chanr.:-e accordinJ?' to thelr com-

pllAnce (Vl/V2 = Cl/C2). Whon the volume chanp:o 13 sufficiontly r~pid, the 

l'es ist ive nr~SS11ro dron beèomos a Major proportion of tnA arolied pressure, 

50 t,hat volumA chanve is inw~r;,ely relllted ta the reRist9nce of the 11ni t 
'\ , ' 

(VllV2 :' Hz/Rt). If tr~ rosidAnc~ rRiUo differs fr:>m the comnl Lanc~ ratio 

(Cl/C2 ~ F.2/Rt), there must be Il chant'e in the relative distension or- the 

units (Vt/V2) as breathin!7, rreqllency or now rate changes frol'll zero ta in- '--~ 
~ fini ty. Thus, the condition for fr9<1uency dependence of ventilation distr1.-

bution oxists when t~e pt'oducts of pnthway resistance and compliance are not 

equal (R1Cl + [i2(2). Th\s prodnct has the dlmens-ion of time, and 1s ca11ed 

the tiJ'I!.A ('onc;~nt (T) of th~ pul~onar"'J unit. 
) \ 

, Il 

. , 
Otis et al. (115) èon5.1ctp.r~ a single pulmonary pathway to consist 

• of a volume-elastic elament haylnp' II. eo"'plianoe, C, connectee! in series w1th 

n conductine: pArt havinp; :\ rf'!sistance. R. When a Rinusoidal" pressure of fre-
1 • 

quoncy (f) And nmpl\ tude (Pm) ls applied Acrau this model, the rosltl tant ..now ',1 
1 

w&ve le~ds Pm hy a phase anKlo <a) ~nd the Tolume chan~e (Vt) is dete~l~ed 
\ j 

by the impedancp CZ). ,J 

'0 • 
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where (AJ • 2 " t 

(}C) 
2 

ThuR t tomporal relations h'ltw8l3n prossuro And now are det"rrnined hy th ... tlm" 

const:mt And cycle frequrmcy. Algo, thA Umit.s for Impe<ianc~ a~ froquency 

-- --
Approach68 Zéro "ncl in flnl ty al"" 1. R.n~ n rJ)~pect1'vely. 

C . 
Wh~n two or moro such nnite; are arrnnlTed in par'lllf'!ll, the distrlbu-

tian And til"'11nr: of no'W in the flAparllt." pathways ln detel"l?lnAd by the di~-
" 

tribut.ion of thulr tmpA<l.'lnces. If tho timo conRtant!l for nll pathways are 

AqU:Ü, th"i r tmpedance!J ('hqnVfl pro port iona tely "ft th frequency. The beha viour 

of thls sytaM can bp (hplicl'lt,~ by a sinple equlvalent resistancè (Re) And 

volilme ol<tstlc element (Ce). If tho parallol tlme consta1'lts are unequal, the 

irnpadan~es of saparata pathways do not chan~e proportionately as freq'lency 

ln~rAllse~ 50 that fi dift'Q)"ent '/aluo of Re Ilnri Ce la required for ,8aoh fr~quen-

cv. 

(6 ) 

whAre thA subscriots (t, 2) danote the par&llel pulmoPlary pllth"'AYS.· Cft ap­

pronches thA èqunl til'1e con'Rtant Vl\luA (Cl + 'C2') at: low freqllenclès, but de- , 

crE'lt~es AS fr~q\lAn'cy inCrel'Uias. In effect, a 5m3] 18r proport.ion of the total 

volume 15 dûlivAred. to lom! RG u.ntts AS fl"equency Increases. be~.lU5e a (!'reAter. 

pl'Oportion of tha ~ppl \ 00 prp-s9ure 18 used to overcomA rp-s~stive impedanct 
. 

In addition, the t~mporal .r~lations ~f pressure and flow are different among 
1 

p,'lthwayfi l"ith unoqt\~l tim~ constnnts, so th:\t now betweell paral~el unit~ 

('pendeIluft') m8Y·01::l«:U1o. 

'l'hus, Ot\s et al. (115) demonatratftrl that ttme constant in6qual1t.!.es , 
, I~ 

amont. parnllel lUllt~ ~lnlts may C4US~ a fAlI \n pulmonary complianoe as breath-

in~ f~equency inoreasen. 
" 

Al t.houfth this ~lst be assoolat~.with a p~latl\hl. 

r o 
r, 

\' 

... ~ ' .. '. , .... 

,,' 
j 

, ,c'ià 
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change ln the dl.trlbution of ventilation amons the,e unit., no sy.ttmltlc 

~ analysi. of thi. conclusion ha, been publish~. The relative tldal volume 

of • two compartment model may be calculatod from equation 6 and 7 of Otis 
. 

et al. (liS), uslng the pquatlon 

Rl 2 +(-L}2 
wCl 

(7) 

When the solution of thls equetlon ia compared vlth the solution of equatton 

6 for 8 range of breathlng frequencles, the change of Vt1 /Vt2 from the static 

value (w = 0) 15 much grellter than the change of Ce from it statlc value (See 

Chapter IV). lt follows that the absence of frequency dependence of compllance 

does not necessarily exclude changea ln regional ventilation, which may be de-

tected with more sepsitive techniques. 
, 

2. Effect of Breat~)ng Frequ.ncy on the Intrapulmonarx Dl§trlbution of 

Ventilation 

ft. Evidense for Asynchronous Ventila~ 

(1) ~S~bJects vith Obstructive Luna Oi,ea ••• In patIents vith 

abnormal ,spirometry· and elevated alrweys resistance diagnostic of ehronic ob-

(
r structlve pulmonary dis~".e (Copd), .Cdyn falls ~lgnif1cant ly below est as fra­

quen~y of breathlng Increa8e~ (81, 99, 100, 115). Multiple breath N2 washouts 
, ~ 

were rneasured (12) wi th constant tida 1 volumes in seven luch patients at 19 

and 31 breaths per minute (bpm). When N2 ~ vas plotted against breeth numb-er, 

~ v4shout during hYlerventilatlon was initially more rapid and subsequently slower 

than durlng resttng ventilation. At the high frequeney, .n increAsed volume 

vas required to reduce expired N2 to 2.S and 1.5'4, clearan~e delay percentag~ 

wes 1ncr.asad. And the distribution of specifie Cidat volumes indieaud an 

(ncreased nurnber ~f poorly ventllated atveoli: rhese results wcre Teasonably 

.. 
~ ____ ~ __ ~. _~M_~ ____ _ 
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value of 0.3 l/c~ fl 20 to O.17.at 19 bpm and only sUghtly lower (O.lS) 

at 31 bpm. It follov8 that mu ch 1arger changes ln ventilation distribution 

mey occur at lower fTequcncie~ than the resting value of 19 bpm. 

\ Ingram and Schllder (66) measured Cdyn and "2 wa~houts slmultaneously 

dur~ quiet breathing and at Increased frequency (JO - 50 b~). In five sub-

jects whose washouts did not change, Cdyn decreased ~.S's than"2»'., whereas 
'\, 

ln Cive o\her subjects, "2 washout WB delayed and Cdyn fell more than 25'%.. 

For several' reasons, Interpretation of the correlation between freque~~ de­

pendence of Cdyn and vend la tJ:on ~Ustribution iifmore complleated in 5uch" 
, 

e Unica 1 u ie~ than in the two compartment model discussed above. Amons 
\ 

the frequency independent group were three patients with mi Id Copd whose low 

Cdyn and prolooged vashouts during quiet breathing sugsest maximal redistribudon 

of resting ventilatio~. Secondly, in patients with advanced a{rways obstruction, 
\ 

~ 

Cdyn may decrease due t~hase d1ffe~.'- ces between dead space and pare,nchyma 

(lOO)which have little e fect on ventilation distribution. Finally, the eomplex 

patterns of change vith f, quency of both Cdyn and H2 washout. ln the slmplest 

two compartment models may'\e ~bseured by methodol08ie e~rors dur!ng measure­

ments in patients. ,WOOlcoCk\et.l. (166) assumed that Cdyn ,in norlMl subjects 

was Independent of fréqUene~,~nd estimated that a 20t fall from the static value 

i5 a detectable abnorma1ity by lheir tech~ique. The sensitlvlty of the M2 
"\ ' , 

'\_ washout technique to detect eha~es ln v~tlti la tion distribut 10n as frequency 

-\ 1ncreases i:s df.minished by prefe~nt1a 1 :~istrlbutton of tbe cOftll\on dead spAce 
\ . 

And 'pendelluft' to the shGrt RC \11 its..< 111, p8, 141). 
, 

~lthou8h these eonslderat ons limit tbe correlation of frequency dê~n-

dance between Ody~ and nitrogen Wlsh ut, it la established that both tests of 

ventilation distribution chenBe patients with obstructive lun, 
. " 

~ dise.se incre.se their breathin8Jrate. 

- ." 

,> 
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{2)' ~O SubJect, wlth NOl'1'llll Luna Functlon. BouhJys et al. (17) 

obaerved no change ln nitroRen washout ln !ive normal subJects who breathed 

similar tldal volumes of oxygen at 10 and 60 bpm. In four healthy subj~ct. 

who doublcd thclr restlng frequency of bre8thlna, Cutillo et al. (32) noted 

no signlfieant ehangcs in N2 W8shouts. Haeklem (81) revlewcd numerous studles, 

and coneluded that mOlt normal subJccts exhiblt B fal1 in Cdyn of less than 

20't of the statlc eompUance when frequency i8 lncreased to 70 bpm. It the re-

fore appears that the intrâpulmonary distribution of ventilation i8 independent 

of bréathlng frequency ln normal subJects. Accordlngly, the mechanieel Impedance , 
of parai lei pathways 1$ predominantly clastlc 50 that refJonal filling i8 deter­

mlned by reglonal compllanee. and alrwaya resi.tance does not influence the dl.-

tributlon of ventilation detectable by these techniques. 
1 
Among the frequency dependent group in the study of Ingram and Schilder 

(65) were three "healthy" subjects wlth normal ~plrometry yho were cigarotte 
~ 

smokers with chronic morn!ng cough and/or intermittent' episodes of purulent 

bronchitis. In patients with nonnal spirometry, pulmonary çompUance a/nd air­

ways reslatance, Woolcock ,et al. (166) demonatrated frequency dependence of 

complianc. and concluded that thi, ls a more sensitive test of obstruction ln 

peripheral airways. 
, 

Macklem (81) summarized the evidence demonstrating that 
o 

2 - ) II1II airways are a pril1V1ry target tn many forma of Copd "nd sugg.sted that 

perlpheral airways obstruction may,exist for long perlods' wlth little or no 

abnormallty of routine pulmonary functlon tests. ThUI, small airwaya di .... e
r 

may explain oceasional observation. of frequency dependanee in 'normal' aubjeeta. 

b. Factors Promotlng Sxnchronoys Ventilation It la probable that 

Re lnequad.ties do,exht withln the normal lung (81). The pathwây to r •• plra­

tory u~lts ln ~he postertof basal seRment of the lover lobe i. ·mueh 1003er 

.nd ehould have 'htaher r •• tance tha1\ the path ... y to unita nesr th. hllwa or 

) 
• 

\ 
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in the apical segmenta of the upper lobe. Aecording to equation 2 <lepen­
f 

dent lun resions aré-.bout twlce as compliant as apical regions at mid-Iung, 
\ , 

volumes. ) Bec.use lower pulmonary reelstance ~ries inversely wlth lung vor~~,. 

(14, 157 • it seems re.sonable ta expect resistance in the more exp~nded upPer 
l, 

regions to be les. than resistance in the less expanded lower regions. \ "1 1 Accorc'J:, 
) ~ ~ " 

Ingly, RC discrepancies among vertical regions may differ by more then a factor 

of two due to the pleural pressure gradient alone. Additional intraregional 

differences dut to random va ria tions of geQ.metry or bronchomotor tone may 

increase the range of RC discrepanci es. 

S'vera 1 mechantsma ex! st whtch promote the observed synchronous 

behaviour of lung units which have di Herent Ume constants. Macklem and Head 

(82) observed that the time constants of parallel unit! peripheral to 2 mm 

alrW8y~ are very short ln normal lungs (.01 secs) due,to t?e low values of 

peripher~l resistance. They demonstrated that the frequency at whlch Cdyn 

decreases below the stattc value la determined by the absolute magnitude of 

the time constants IS well as their dlscrepa'ncies. Accordingly, a four lold 

" 

.. 

time constant difference in thesè pathways causes a fall n Cdyn at 100 bpm of 
, 

.only J~. Although detcctableo.synchrony between t~ese same units occurs at 

higher frequency (as w ~ 00. Ce = 50~ Cst), lun8 gas inertia 15 expected 

to influence the results (96). Consequently, lungs with widely discrepant 

time tonstants among peripheral pathways mey npt show significant frequency 

dependence of ~dyn below 100 bpm. When the RC differences are sufficlently 

large, distribution changes from the complian~e determined value, such that 
/. 

, 

the relative vo1.ume chan..,8e of long RC unlts becomes SIM 11er and later in time 
1 / Q 

.J 

thsn a-djaeent units wlth shorter to/constants •.. Due to the!r d!fferent relative 

di.tentions, a pressure dlffere~ developa between luch resphatory units, .., 
/ 

whleh ha. been shown ,gr •• ~~r ~~an one would fr~~iet on th. basis of un~form 

P-V char.cterlstlès ('te2, 10,5). The extra pre.~'ur. 'differe"c. bét" •• n •• yn~ 
) 

chronoua units h~ b •• n attrlbured to the tnterdependence of force •• p,lled 
/ 

. , .. 

. 
}' 
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to',ach th~~ugh th.Ir mutual tissue attachmenta. The reault la pr~ •• ure 
1 

tending to restore the volume change of long ItC unit. t.~ their synchro~1t~u. 

valu~ ln addition to promoting ventilation through the usuel channels, 

~ this pressure drl ves flow through colla terai channels which dlrect ly connect---.... 

respira tory "units (81). 

How effective collateral ventilatton and interdependen~ are ln 

maintaining frequency independence of ventilation distribution in normal 

subjecys eannot be completely a~sesaed by measurements of Cdyn. At inflnite 

frequency when the fall ln Cdyn la Independent of the absolute values \f 
. 

the parallel time constants, " 2.5 to three'rfold dlacrepancy in Ume constants 

la requlred to cause ~ 20'1. fan in Cd}'n (See Chapter IV). lt follows that 

the expected vertioal difference in Re _ to the pleural pressur~ gradl'ent 

i~ not detectable by Cdyn mea~urement9 in the absence of factors prom9tina 

s~·nchrony. 
for a 2.5 

~ . 
This"'is true despite the fact> that the so~utr~ of equat~on 6 '-, 

fold discrepancy at w __ 00 giveA a change of ~ldal volume dis-

tribut!on (Vt I/Vt 2' of 250'1.. 
, • < 

ln summary, m08~ subjects vith normal routine pulmona~y functioR 
l' 

tests do not exhlbit a cHanae ln dynamic compliance ot nltrogen Wlshouts 

as bre.thing trequency increases. Accor~i-ngly, the ~raJlel d4)J.'tribution ~ 
, 1 

of ven~itation 18 essentially detètmined by th~,elasttc prbperties of tung 
- -.41' 

units 10 healtny subjects at rest and exercise (100. However. the se 
. ), ,. , 

___ ~o not dlrectly measure the volume change of pujmonary un)ts, and the 
--------- - - , 1 --/ / 

Uterature 

~8 not indicate' how much chanie in the relative tidal vdlumes 
u \ • 

units must occur before' the av. ilable teats becQme "bnom h. 

of R8~.llel • 
" ( . , , 

3. Etfect 0 

~ 

a. Expirato[Y 'low As iscussld abovl t a~yncbrono~. emptyinl' 
, 

• l~w explratory flov rate (V.), luch that 

upper luftS rellon. contrlb~t~a proar~ •• lv.ly proportion of the .~'rat.' ' 
: J- "'_ --...:... 

• 

" • Q 
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os lun~ volumr decrras~so Atcordlngly. the alv~olar plateau of ft single ~ 

, expirnt ion sl'bprs upward WrH'n uppf'r r('giona 1 conccnt~lltion ('xcced~ thllt 
. 

in 10w4'r lung rr~fqns. Altho\lgh sf'v('ul ('l\rl1('r studies (12. IS. lB, 47, 

74, 136) of th" effr'ct of Ve on the slopc ,of the nlveolar plalN1U' produccd 

confllctlng rcsults, it is now c}('ar that the scqurncc of fpgional emptying 

is. altcred. 

JOnt's and Clarke (72) me8surl'd afgon concpntration in the expiraLc 

of ten' subjf'cts who inhalpd 100 ml of argon at RV followed by il vital capa-

city brf'ath of air. 'The amount of argon in the last litre of thE' expiratf' 
. 

and the upward slope of phasr III progressivf'ly diminishrd Ils Vc incrcaSl'd. 

suggesting rarlier èmptying of upper lung regions. 
, 

They concluded that 
. 

regional emptying Is influenccd by regional resistance at increased Veo 

As discussed above, thp slopps of phase III and IV slope downwards when 

subjects are invertrd prior to a slow expiration. Clarke et al. (26) 

• 
observpd lrss sequential emptying as Ve was increased in inv~rted subJects. 

suggesting that in both positions thE' lung regions which are superior with 

respect to ~ravity empty progressively earlier as Ve 15 incréased. Accord-
" 

ingly, the ~radiE'nt in pleural surface pressure plays an important role in 
o 

thE' rE'duction of srquential ~mptying between vertical lung regions when Ve 

15 lnc reas~d. 

133 Expired Xe concentrations were measured in 7 subJrcts who 

boll fro~~. thereby estahlishing • verticAl concentrltion gradient lnha led 

measured at TLe (l08). 
;. 

During slow expiration, the expired conc~ntration 

progressively increased ta a value at RV which ws similar to the concet\­

tration in apical rrgions. 
IJJ 

During a rapid expiration, more Xe was ~xplred 

at high volumes and less at low volumes, givlng a horizontnl Illveolar plateau. 

The contribution of atratl1icatlon ta the se changes WB! mlnimlled by • 15 

second pre-expiratory br~ath hold at TLC. In tvo subJecta who expired at 

il 
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ReveraI flow rates, thase changes w(Ore progressfve, lupportlng the 

contention that factors uniq~e to maximum cx~ir8tory flow are not the 

explanation. !hua, vertical lung reglons contribute ft constant proportion 

of the expirale throughout a Corced expiration. Recall1ng that Sf'qut'Illiai 

emptylng durlng a slow expIration departs only sIlghtly (rom the plot of 

Vr (7. TLC r ) ~gainst lung volume (7. TLC), shown in Figure 5, the changes 

in emptying 'sequence with Va required to flatten the èxpired plateau are 

very small. By reinspiring to TLC following an expiration Interrupted 

al a series of lung volumes, regional end expiratory volumes were deter-

mine~(108). The vertical gradient of regional expansion observed at aIl 
1 

lung volumes follow~ng a slow expiration ~s not present above )O~ Vc 

following a forced expiration. },,-cordingly, the 'volume changes of vertical 

lung regions are not on1y synchronous, but they are~qual. This distinction 

19 i llu9trated ln Figure .5, whare the slow emptying of upper and lower 

regions follow line u and 1, but durlng maxlmum expiratoryflow, both reglons 

empty along line M, indlcatlng a much greater effect of Ve on th-e emptying 

pattern than can be inferred from expired plateaux. 

MUlette et al. (l08) offered these explanatlons. Because of 

regional compltanee differences due to pleural pressure gradient, 10wer 

regions change volume more than upper ones for a glven statle A P. If 

rnnxlmum effort aboli shed th!s gradient, dlfferenccs ln emptylng 'rate would 

be dimin~shed. This i5 not the explanation, sinee Hartln et al. (91) eub-
. 

sequently showed that low Vè achieved by ma~irnnl effort through a hlgh 

external regstanee dld not alter the quasi-static emptying sequence. Aa 

they point out, these observations do not exc1ude transient ~Iynchrony" of 

~ P during forced expiratory effort, which cou1d alter the emptying sequence 

over a much targer part of the vital capacity a~ hlgh Ve than at lov \ • 

Alternatively, if the time constants of upper regions are relatively .hort 
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due to their low compllllnc., an equal dynamic A P appl1cd to both 

• reglons may incre.se the emptying rate of upper regions more than lower. 

• 

Young et al (170) reported that whcn subjccts voluntarl1y pro-

duce expiratory flow oscUlations following ft tidal brMth of oxygen, 

oscillation of N2 and ~~2 concentrations are observed on the alveolar 

plateau. When these concentrations were corrected for transit time from 

the lobar bronchi and sampling delay, the N2 oscillations Were in phase 

o 
and the CO2 oscillations wpre 180 out of phase with the flowoscillations. 

Thus, units emptyin~ at increllsed flow rates have rclatively low tlV and 
. 

high VA , characteristlc of upper lobes nnd regions. 
Vo 

Because the flow os-
-q-

cillations were small ( <.1 lps), they reasoned that differenees in eom-
.' 

partmental resistance could not account for these dif r (2rences. As an alter.:. 

native, they proposed a model with 2 compartments having different pressure 

volume characteristics IInd the same Vo' such that equsl applied pressure 

causes the low ~ V unit to contribute ft greater proportion of the expirate 

as lung volume dp.creases. From the equation of motion of the lungs, they 

derived a first order diffcrential expression for flow into either compart-

ment as a function of overall flow rate. 

2 dVl::- dV + -f (Vi) + f 2 (V2) 
dt dt R 

where V Is lung volume, equa 1 to Vl + V2 

Vl is volume of compa rtment l, and fi fts elastance 

V2 Is volume of compa rtment 2, and f 2 its clastance 
\ 

Ris the reststance to compa rtment 1 

Graphleal solution for step changes in expiratory flow rate (dV/dt) showed 
• 

alterations in the emptying s~quence of the two compartments which caused 

lncreases in expired N2 concentrations synchronous with increased flow rate • 

Although thls model ~s proposed as an alterative to • tlme constant model, 
• 

, 

\ 
\ 
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thf! equatlQn la Identlcal to one derivf!d by fledley et al (122, eq. 7) to 

~ explain the eff~ct of Re discrepancies on distribution of Inspired flow. 

'~ As discu8sed below, 8 model with discrepAnt time constants will translcntly 

~ 

deparl from compl1ance determined filling and t'!mptylng when flow rate 19 

changed. ~len an indlc.tor ls diatrlbutcd during the transient, a change 

in the sequence of compartment emptying i5 rCAdily drtectable. 

In conclusion, the scquentlal quasi-static emptying of vertical 

lung reglons ta progressively dimlnished as Ve increascs. At maximum ~ , 
", 

emptylng of vertical lung rcgion9 is synchronous and i~ not determined by 

regional compliance alone. This departure from compliance det~rmined 

• 
emptylng can occur at much lower Ve • and may be explained by unequal 

regional time constants or by an asynchronous regional ù P. 

b. > Inspiratory Flow 

Robertson et al (134) demonstrated that a bolus of lJ3Xe inspired 

~ximally from mid-Iung volume i9 equally distributed to superior and de-

pendent iung regions. They suggested that the distribution of Il rapid 

bolus is theoretically dett'!rmined by the regional resjstances, and concluded 

that if regional ~ Pare equal, apical and basal resistances are approxi-

mately equal. 
.... ~ " 

Martin et al (90) assumed that re810081 filling dllring lNl,ximal 
-' 

inspiration ls resistance' determined, And calculated the regional time 

constant ratios as follows. The ratio of count rate's st TLC between upper 

and lower regions Is proportloned to thelr compliance ratio, Cu/Cl' following 

a slow in~piration of 133Xe boli from FRC, and inversely pro~ortloned to 

their rcsistance ratio <RI/Ru> following a rapid inspitation. The time 

constant ratio, obtained by dividing the slow count fate ratio by the fast 

ratio, (Cu/Cl)/(Rl/Ru >. decreased as vertical distance between the regions 

lncreased. Accordingly, regional time constants increase progressively 
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with distance f~om the lun~ top in a very similar manner ta realonal 
. 

compliance, sugsesting that reglonal resistances at mid-lung volumes 

are equa 1. 

Uelng an electrical analogue, HRddem (81) showed that if maximal 
<\ 

Inspiration i5 analogous ta ~square wave pressure change and superior 
p 

and dependent lung regions are analogous ta two resistor-capacitor circuits 

in parallel, then the distribution of volume ta the two regions at the .. 
instant the pressure i5 applled 15 inversely proportional to the regional 

resistances and i5 indepp.ndent of the common resistor. Because it takes 

a finite time to admlnister a rapidly inholed'bolus, the regional distri-

butlon by this analysis is not neeessarily rt'sistance determined but may 

be Il function of the regiona 1 time constants which inelude the cOlm\on 

resistor. This could acçount for the inability ta demonstrate higher 

concentrations of 133Xe in the apex than in the base when apical reslstance 

was expected to be less than basal resistance. 

Pedley et al (122) considered the theoretical effect of gravit y 

induced time constant inequalities on the distribution of constant inspiratory 

flow between upper and lower lobes in ereet man. Their analysis examines 

the transient departure from elastic equilibrium caused by a step change 

of flow in the lung. and 18 analogous .to the application of a constant 

current to the electrical analogue di5cussed by Mscklem (81). ln contrast 

to a square wave voltage (or pressure), the response of the paraUe1 units 

ta c~nstant current (or flow) 15 independent of the common resistor, which 

mcrely provides a time invariant pressure drop. FrOM the equation of motion, 

they derive an expression for the lobar distribution of flow (eg. 10, ref. 122) 

which may be rewritten: 

"-t 
• 'l'~ • lo.. 

\., 

J. 

" 
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C -* Tl • T -Bt 
u u) 

exp 
• (Ru + V RI 
u 

::= • 
VI Cl - Tl - Tu 

exp -St 

( ) 
~ -f Ri 

w~ere the subscripts (u, 1) denote upper and lowcr lobes, C i5 

compliancc, R ls reslstance, T la their product (RC), t 15 time, and B 19 

(Cu -t Cl )/CuCl (Ru -t Rl). The instant flow begins (t :;c- 0), the tota 1 

Impedance to flow is res ist ive, and labar flow 15 {nvers(' ly proportlona 1 

to loba r resi stance ( Lim 
t- 0 

~u ~ Ri ). 

V 1 Ru 

ln the other extrerne, relative 

lobar filling 15 determined by lobar compliance 
t 

( Llm ~u = 
00 

If Rl/~ Is not equal to Cu/Cl (Tu 1- Tl)' lobar distribution changes with 

,.. time from RI/Ru to Cu/Cl • 

Using estimated values for lobar compliance and resistance, they 

calculated the effect of inspired flow rate on lobar distribution of various 

insp,1red volumes. When P - V and P - V characteristics were Unea,r, a greater 

fraction of the inspirate wes dlstributed to lower lobes at low flow rates 

(Cu < Cl) because they were less expanded, hence ~ore compliant, due to 

the vertical gradient in pleural preS$ure. As flow increased, the fraction 

of the inspirate going to upper lobes increased until at very high flows, 

lobar distribution wes equal (Ru == RI). Non-linear pressure flow ,relations 

exaggerate the effects of time constant Inequalities, and cause the dis~rl-

button of a glven inspl,red volume to approach the resistance determined 

value at a ~er Vi. Conversely, non-llnear pressure-volume relations tend 

to maintaln compliance determlned distribution. The distribution ratio 

15 aho affected by'allowing lobar resistance to vary vith lober expansion 
, , 

in the same way, as pulmonary resistance va ries vith lung volume. In th!. 
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Q.".~,. RI ia gna ter than Ru. and Vu/VI approachu a value mon dtscl'4Ip4nt , , 
f 

fro~ ~h~ qUili-statlç distribution. causing preeerentia. di.trib~ion of 

lnnpired volume ,t,o upper lobes at hi~ in~piratory flow rBtu. Thl,. latter 
, 

caae was th~oretlcally considcred mpst representativo of lun8 ovent •• 

It fo1low5 that if Ume tonatant lnequalitles lire ,t"esponslbh 

for the effect of inspiratory fl~w raten on vertical distribution of in-

spired 8.,s," characteristic pa,ttern of change wl11 oc_cur. At low flow 

ra tes. regiona 1 di slribut ion Wt 11 be Ileeording to regi dM 1 compl1ances. 

As flow rate inerelocs, a 8reat~r proportlon of the inspired gas will be 
1 

dollvered to "hart Ume co~stant reglons. This change with flow will at 

Cirst be rapid And then progresslvely dimlnish until at hlgh flows dis-

trlbution 19 resistanee'determlned and easentially independent of further 

1ner.asca of flow rAte. A complianee determined distribution may be maln-

tained to hi8h flow rates ie Re diserepaneies are small and the time course 

of th~ transtant ls short relative to the tlme taken for the volume to be 
I. 

distrlbuted. Furthermore, coll~ter.l ventilation and lnterdependence of 

lung reglons ~ oppose Any departure trom compliance determlned distribution • 
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F.XPI-;R IMf.NTS 

A. Thr Eff~ct of Gas Physlcal Prop~rties and 
i • 

FIOJi Rate on CAninr LO"If~r Pulmonary RC'J1stance 

1. Introduction 

Contl'mporary undrrstandtng of the naturr of airways resistance 

15 baspd frimarily on thl' lnv~stigation of Rohrer (135). Rrc~nt theore-

tical studips. supported hy mf'asunmpnts ln alrway models, emphaslze 

prevlously ovrrlookrd disturbanccs of boundary layers as a major cause 

of n'sistance to brnnchial flow (113, 119, 120, 121, 145). According 

to the throry of houndary layer growth, Pedley et al (119, 120) predlcted 

that lower pulmonary reslstance (R1p ) varies as the square root of gas 

viscosity, drnsity and flow ratr. This sludy was designed to test this 

hypothesis by comparing predictl'd with obSl'rved effects of gas physlcal 

propprtles and flow rate on resist8nce in central and peripheral,segments 

of the )owf"r pulmonary: airways in anaesthetized dogs. It has been suggested 
,( \ 1 

that the undf"rlying physical basts of Rohrer's equation as applied' t~ the 
, ' 

bronchial tree ls not theoretically sound (50.94, 113, 120). As thue. 

arguments are not conclusive, 8 second aim of this study was to test 

Rohrer' 5 l'qua t Ion in the sanw> way. 

2. Hethods 

8. Expprlm~ntal Procpdur~. Hongrel dogs were anesthetlzed 
1 

wlth chlora lose urt-thane. The chest was widely opened by a sternum 

splitting op~ratlon and the trach~a cannulated. A retrograde catheter 

wlth a 4.0 mm bell WBS placed in the right Middle lobe according to ~he 
1 
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technLque of HacklrfA and Mud (82). Th(' dogs Wl're paulYlcd wlth, 

" 

lttlcclnyl choline, art1flclally vl'nlilated, and plllccd ln Il volume dla-

placemf'nt phthy.mo~rAph l rom wh lch hlO~ volul'lK' was obln in«:d. Flow 

waa mt'Asurt'd ",ith " amall NIL pnf'uraotachYRfaph attach.~d to the tTllch"al 

cannula. '.A tf'ra 1 trachpal pressure (Pte) ws gflmplf'd wHh il plzzomf·ter 

rlng on the trach('al cannula, and prrssufP at the lung surface (Pp1 ) 

was eslimatf'd by Il catheter lying free ln thf' plf'thyqmo~raph. Pressures 

wert' measurf'd wHh Sanborn 267 Band 268 "transdutprs. Prior to f'8ch 

mf'8SUrrm('nt of rf'sistancl'. thf' lung \oMs fully inflatcd (PL 30 cm 1120) 

and a,llowf'd to dpflate to predf'tf'rmined transpulmonary prf'ssurp.,. The 

lungs wpre then oscillatf'd at 4 cps by a loudspraker powerrd by a sine 

wave gf'nf'rator 50 that ppak to peak flow approxltllrHed 2 Ips. The pres-

sure difff'rf'nces oC cathetE'r bell (Pbr) from Ppl and l' tr Wf're simultan-

eously displaycd agains.t flo", 01. a \.athodt> ray o'lcilloscopl.' (Fig. 6). 

Thf' rP5ulting pressur"-flow loops Crom the ppriphe~al and central airways 

were closed by elf'ctrically subtracting the elastlc anJ accelerative 

components of the presaurf'. Flow, and the components of thc periphera 1 

pressure (Pp) and central pressure (pc) whlch were ln phase with flo", 

werc recorded on a 4-channel Sanborn Poly Viso (Fig. 7). Flow rat(' was 

then reduced to 1 lps and anoth ... r recording Wl\S obtalned. Aftrf at least 

:} measurements at cach of two lung volumes (Table 4) agas mixturf' of 20't 

oxygen ln sulfur-ht'xafluoride (SF6) \las connected to thf' inlet ot the 

Harvard pump. Thil bélg seall'd to the loudspeaker (Fig. 6) was f'vacuated 

and refi lIed wlth SF6. and the r4"'slstance me.suremf'nts were repeatt'd. 

As it was not possible to obtain slnusoidal flow oscUlations much hlp,her 

'" than 1.0 lps on th .. densr gas, SF6 mf'asur .. m:'nt!J wt're !Md ... ,lt 1.0 and 0.5 
\ 

Ips in aIl animals. When these Vf"rt" completed, the cervl<al vaSi w.re 

cut and thf' measure~nt. vere rf'peated on SF6 and air. 

1 , 
.J 
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FICURF. 6 

-, 

(+ Vd r TRACHEAL PRESSURE 
~ (Ptr) 

BRONCHIAL PRESSURE 
~ , (Pbr) 

~PLEURAL PRESSURE 
L------r--.... (PPt) 

l--_____ FLOW (V, 

Schematlc diagram o~ t'xperlmental apparatus. 

Anaeathethed dogs in a body plethyslDOgraph (upper right) 
w~re ventllated by Harvard pump or oscillated by a loudspeaker (upper 
lett) wlth elther air or SF602. Durtnl oscillation, the differential 
pressures in ceritral (Ptr - Pbr) and peripheral (Pb r - PpI) air"!ys 
were displayed .~.inst flow (lower Middle), and th~ relultinl P-v 
loops (solid lines) w.re closed (dashed lines) as indicated. 

e 

\ 
1 

" 

'. \ 

'. , 
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FIGURE 7 

Pc 

pp 
------~, ...... 4~ ... ~----11111 ...... ·---

1 Ips l . ., ' ................. , , t=:= :J...---
1 

10,1 ,1 " 

A 65% VC B 35% VC 

Photograph of Poly viso rpcording of V a nd the centra 1 (pc) and 
peripheral (pp) pressures Ln phase vith flov (corresponding to 
dashpd lin~s Qn oscilloscope in Figure 6) during forced oscil­
lation at two lung volumes • 

\ 
\ 
\ 

\ 
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TABLE 4 

. 
Luna Vo1uaes and Catheter Position Ouring Resistance Heasuremcnts 

Expt. VC t vc RETROGRADE CATIŒTER 
No. 1. BTPS !!!.Q! 1QH D (cm) d(lml) G 

1 2.13 57 29 7.0 4.4 6 

2 2.00 68 36 10.0 " 3.3 12 

3 1.60 59 34 9.0 3.0 12 

4 2.12 68 35 7.6 4.2 11 

5 1.33 63 30 10.6 3.5 17 

6 1.70 ' 69 li 11.5 3.5, 15 

7 1.90 68 36 13.5 3.5 15 '. 
8 1.50 69 35 10.8 3.8, \ 12 

D = distance frOID carina 

d = alrway diameter ........ 
J 

G = airvay generation 

Re = average Re for air oscillations at 1 Ip. (see text) 
a ..... 

" 

.. 
1 

SIllE 
!! 

116 

64 

58 

105 

67 

67 

59 

75 

• 
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Statl(. prrs'Iurf'- voluftH curvea of ,the lung .rere rrcorded 

throughout th .. (,xpf"l"illent and no major changes "'f're noted. 8100d 
o 

sampl.s vere dravn from ~"dw('lltnR femeral artery cathrters during air 
;. . 

and SF6 vl'nttlation for determinatlon of P02, PC02• pH and bicarbonate 

conc('ntratlo~ (Table 5). 

At tht' end of the (,xpl"'rlmt'nt, the anima 18 vere exsRnguLnated. 

Thp lungs w~re~f'd and air dri .. d for t('n d~ys ",hill'" dist('nded at a 

transpulmclnary p~~~ ~re of 20 cms H20. The ~ross morphomf'try of tHe . 
C l '---

airway was d('l('rmined by cutting Along A thr~ad from the trachea to ~ts \ 
~., 

attachment on tl~ catheter bel'i. At ('aeh branch poInt, generation number. 

atrway dia~ter and~lèngth from the carina wert' recordcd (Table 4). Pre-

sumably these values differ from those during the experLment dut' to changes 
~ 

vith lung volume and bronchomotor ton('. 

b. Data Analys!s. Central and p('ripht>ral re'sistances were , 
calculated from tht' Sanborn tracinRs by dividing ~c and Pp by flow. 

Note that prak flo~s'of 1.0 lps constitute 0.5 19. inspiratory and ex-

piratory flow. No attempt was made to Sl'paratl' inspiratory and expiratory 
o , , 

resistances. 

Rohrer's desc~~~~ive equation for dlrway reslstive pressure 

losses (135) WBS exprt'ssed for air",ays rt'sistance: 

(1) 

/ UsinR tht> two rf'slstance valut"s and flow rates, simultàneoua equations • 
vere solved for KI and K2• w~rre K2 18 the change ln resistance per unit 

l 

change ln V. Th~ SUII of Ki and K2 18 equiva 1 rot to the reslsUnce at 
,'~ 

1.0 lps. Since rneasurements",were I1IIlde 00 both gases durlng flow oscl1-
\, 

- l " 
lations approximatin~ ) Ips, thl' ~u~ oC Rohrer', constants 1. nl'Arly 

ldent lca 1 "to the mcalured reshtance. A second equa t Ion descrlblng the 

\ 
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flo'W rt'liat ive pft'llUre dt"op ln bnnchcd tub •• modelll'd on bronchial 
, 

morphomt' t ry ,hlS rf!ccnt 1 y bf'f'n put r onHi rd by Ped ley (' t al (120. 121). '>, ') 

The f>fJuatiorT may b .. ",rlttf'n ln terma of rClliatance 

and f'xprèssed ln th .. genpral form 

Usinp, thf' two q'sistancc va lues Ilnd Llo'W ralf!S, simul t8neous equat10ns 

wf're solvf!d for the "xponf'nt '.' on N1Ch gas. This va lue ('xl'rf!sses 

, " 
th. changf' ln resistl'lncl' ",1th flo", a.S8uming an exponential'-S;h?9sure-flow 

J .~\.. r 

relattonship.· Simila'rly simlJltltnf'o_us pquatlons werc s91~~d tor th(> ex .. 

ponent. 'n', \IsinR the kno"," df'nslty-viscosity products for air and SF6 

and the rf'sislancp mea.sured on ea(.h gas. '-' , ,. 

,Since measurf'mpnts on air were not made At flow oscillations 

• 
of .5 lps, Wp attrmpted in ('xperlmcnt$ 2 and 8 to validatr pqu3tions 1 and 

2 ove·r this f10w fanRt'.' Resistances werc mea8ured at .5,- 1.0 and 2.0 1pa 

during air oscillations and Rohr~r'a constants and the ('xponent 'a' ",ere 

calculat:.ed in the \1!S\u,llMonr-r from thf'h~er pair of flow Tstt>S. Thf?se 

values were th~n us~d to pr~dict the resistancc vnlues at .5 lps. which 

Ilrt> comparpd in Fill. 8 wlth th .. rf'sistancf' ml'88ured at .5 Ips during tfîat 

man .. uver. Th('rt> i5 a reasonably closf' approximation of a11 values to 

thr line of identity~ with a suggestion of bettcr fit for t'quetlon 1 than 

f'quation 2. n,f'Sf' data s\lg8est that th .. USf' of different flo", rates for 

the tw 888('8 introduced nÇ) systematic error to elther the estimated 

vnlue of rcsistance at 1.0 lps when the aetual flow rate wes not exactly 

so, Or to the ca lC\llated va lues of Kl , .nû K2 and '~'. ln experl1llf'ntJ 

2 and 8, two flo", sequences were us~d (hiRh~5t to lowf'st and vice ver,a), 

and no signlficant trend WRa noted ln t_~ rcsistances ~a8ured or constant, 
Il ... ,...~" 

" 

calculated, su~gestlng that [lov lequenc~ dld ~ot influence airways re-
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FIGURE 8 
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Value, of Re: mcasured duriog air oscillations at 0.5 1p. (absc1ua) 
ver,u, Re predicted from{ values measured at 1 and 2 lps accord!ng to 
cquation 1 (left ordinate)and equation 2 (right ordinate). 

Expt. 2 
Expt. 8 

65'. VC 0 
65t vc • 

35\ VC A 
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Rnd the resu1tin~ loop was l.losed by adjustlng the frf'qurncy of os-

cUlations. The n'sonant frf:'qurncy was sl1ghtly grrlltf'r at 6Jt YC, 
\ 

where it ~v~r8R~d ).2 cps on nir and 2.8 cps on SF6. No systrmatic 

dlffert>ncrs wrrf' ohscrvpd on (·1ther gas bf'twf'cn the r('si5tanc~ va lues 

at putmonary resonance and the corrrsponding values muslITed at 4 cps. 

,Thus thf' latter valu,.s pr(>s\lmably rf'flf'ct IO"""'r pulrnonary resislance 

at a11 Iow"r frl'qu('nc{es. 

For practLcéll rpasons. the order of gas exposurp was not 

randomiz('d. To ('xclude systt'matlc variations of rl'sistaoce with Ume, 

th,. rcslstanc(' mNlsun'meuts on both gases wer(' refèll ted Collowing the 

first SF6 mcasurmrnts in experimeots 7 and 8. No signlficant dlfferenc~ 

or trend was observed bclwf't>o the dupllcnte determinatlons. Accordingly. 

aIl measurements Wf're used to calculate the mean values of each parameter, 

and an estimatf> of cxperlmf>ntal variabillty was obtalned. Table 6 presents 
. 

the coefficients of variation from th~se two pxperiments. No systematlc 

change i9 not~d between lung volumes. The varlabl1ity of resistance 

~a5urements avpraged IS and 22~ in central and perlpheral airways respec­

tively, whenas the calculated'"constants exhlblted 2.5 to ten times' greater 

variability. 

Statistical significance of results ~9 assessed by the paired 

compar1son t telt, and the level of sl~nif1cance was taken as p < .05. 

For each lung volume and ~lrway segmpnt before and after vAgotomy, severa1 

parame~ers (R, KI, K2, 'a') wrre tested for differences between their air 

and SF6 valu(>s. TIl(' -constAnts K2, 'a' And 'n' were each testt'd for 

differences in their values between central and p~riph~ral airways. 

c. Ca I1brlltfon Tl'chniqups. The pneumotachygraph WBS ca l1brated 

for each ga9 uslng the experl~ntal apparatus. Air blown into the chamber 

encloslng the loudspeaker dlsplaced elther air or SF6 from the bas throush 

the pneumot8chYRraph into the plethy.mograph. The changp of plethy • .agraph 
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TABLE 6 

* Coe Efitl rnts oC V. ria tion 

l..Yf Gas Expt. ~ ~ Re K1 3. !.2. 

68 Air 7 .32 .86 .17 .65 2.54 .35 

8 .26 .24 .11 .20' .79 .06 

SF6 7 .36 .63 .29 ~28 .80 .19 

\ 8 .58 .40 .11 .23 1. 70 .12 

35 Air 7 .59 ,.; 40 .13 .32 8.40 .37 

8 .24 1.12 .11 .73 1.45 .27 

SF6 7 .35 .23 .13 .47 .42 .19 

8 .43 .41 .15 .62 1.45 .19 

Hean .39 .54 .15 .48 2.20 .22 

( 

1 

*The corrf'spondfng Mean values for each perameter are ltsted in Tables 10 and 11 • 

• 
.. 
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volunw ",ith timt' ov.·r la constant and Hnt'sr range of the splrometcr 

lrangduccr provlded an accuralt' meOSurem(!nt of flo", rate. Th~ pre88ure 

drop acrou th .. pnf'umotachygraph vas Ilnea rly re lated to a ir no", to 

2.5 Ips. Th" prcssurf'-flo", plot for SF6 W8S curvillhur, the pressure 
. 

drop be·LnR about 10"t les!t thon air at O.S Ips and l'quaI to ait' at 1.0 

Ips. Wh .. n a larg{' FI('isch pnf'umot8chygrnph (No. 4) wht:h was Hnear to 

2 lps for th.· SFfl mixture WBS uSf'd. the pressure drop for SF6 was 14.5t 

less than for air flow. Thia value 19 8ssumed to reprf'sent the differcnce 

in gas viscosfty hi"twl'en nir and SF6 (104), 8ug8f>sting that the pneumo-

tach~'IHaph used ln the pxpl'riml'nl wes non-linur cv!!n at .5 Ips for SF6. 

In a 'IPparatf' calibration procedurt' air or SF6 was oscillated 

at 4 cps across th" pnpumotachygraph between the bag in the loudspeaker 

and a spcond baR ln the plpthysmograph. The actua 1 flo", rate WBS calcu-

latl'd [wm th ... volUmE excursion (VT) 41ccordlng to thE' equation 

• 
V :::: 2 11" fVr 

wherp f i, the oscillation frpquency. Thé calibration curves fo~ both 

gases werc not dlfferent from steady f10", conditions Ind SF6 flow values 

werc corrected uslng thlg calibration curve. The frequency response of 

the prrssurc rrcording systems were Adequate for phase and amplitude to 
.... 

7 cps. for both gases in simulated experimental conaitlon •• 

d. calculation of r~s Physlcal Properties and Rpyno1d's Numbers. 

Ouring forced oscillations, th .. composition of the flow gas presumably 
" 

appro8chcs alv(>olar fractions (.74 in('rt gas, .14 °2, .06 002 •• 06 ".201..!-­

lIslng datA from thf' Handbook o( Chemlstry and Phy~ici. the denlity of the 

air and SF6 mixtures vere computed to be 1.12 and 4.27 SIL x 10-
3 

reapec­

tivdy. The dscollty of luch an air mixtur .. h 1.87 x 10- 4 poise (l)5). 

Âs discuuf"d Aboye, SF6 wu found 14.5t less vi.cous than air at roOli 

î 
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tf'mperalure. If the ch.n~r. in vhcqaity produced by heat, WIlter vapor 

and Ras exchangc h "imilar for hoth mixtur~8, the viscos ity of SF6 

was 1.60 x 10. 4 poise. Thus, the SF6 mixture ls J. R Urnes ns dense And 

.855 timf'S as vlscous as AIr, givlng it a d .. nsity-viscoaity product 3.2 

tllllf's grpatf'r than [or alr. 

/ 
Reynold's numbers W('[f' calculated at the cathetf'[ site [rolll 

the eq!-l4lion 

R =. d p u/IJ. , e • 
where d (cm) is airway diamf'ter and u is Hnur vf'locity (cm/sec.). Accor·' 

ding to R019 (137), line8r velocity in a glven airway of the dog lung may 

be est ima ted: 

• 25 5 
U = .145 VT A· /D· 

where VT ls fLow rate ln the lung {ml/sec}, A 15 the cross sections1 area 

(mm2) of that airway and () 15 its distance (rom the carinn. For sinusoldal 

oscillations, the average flow 1s the root mean square of th(' flow amplitude, 

of wltich hal( i, inspiratory and half expiratory. The velocity equation 

ws simplified and solv('d for mean v~locity during 1 Ips oscillations for 

caeh lung studied 

U ~ 48.4 (d/O) 
.5 

Uaing these values, av~ra~e Re WHP calculated (or air oscillations (Table 4). 

Dudng SF6 oscillations at thl' salll(' flow rate. R incrrase by a factor of e 

4.5 (relative p III =:: 3.8/.855). Thus Re are simllar durlng .5 Ips SF6 

oscillations and 2 Ips air oscillations. 

J. RelU lts 

LOWH pulmonary r('sistance (R 1p ) was partltioned ln elght dogs 

(Table 7) in the rep,lon of FRC (about 35t VC) and at a hlRher lung volu.e 

(about 65t). At FRe. Rip lncreased from 1.56 during air breathing to 2.34 

• 
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TABLE 7 
. 

Efbct of Gu Phyl1ca1 Propl'rtif's and Flow., Rat, on Rl,2 

• A. Pre Vasotomy 

\ 

," 

651. vc 

Air 

SF6 PredJcted 1 

2 

35% VC 

Air 

SF6 Measurt'd 

SF6 Predicted 1 

2 

B. Post Vagotomy / 

65% VC 

Air 

SF6 Measured 

SF6 Predicted 1 

2 

35% VC 

Air 

SF6 Measured 

SF6 Prcdictcd 1 

~ 
) 

~ 
.77 

.85 

.66 

1.27 

1. 28 

1.09 

KI 

.61 

.86 

.56 

.64 

.91 

.55 

.18 

.60 oH-

.67 

1.10 

K2 

.08 

.15 

.38 

.11 

.23 

.42 

~ 
.95 

+t+ 
1,45 

1.33 

1.72 

1. 56 

2.34+++ 

2.19 

2.80 
1 

.69 

1.01+1-+ 

.94 

1.35 

.75 

1.14+4+ 

.97 

1.35 

'a' 
.14 

++ 
.34 

.50 

.50 

'a' 
.10 

.10 

.50 

.12 

.16 

.50 

Hun valuf'S (or indivtdua 1 experiments Usted ln Tables 10-13. 

, n' 

.37 

.50 

.35 

.50 

.32 

.50 

.36 

.50 

ThE' SF6 predicted values werc calculated from cquations 1 and 2 (Sec text). 

+ (p < .05), ++ (p < .01) and +++ (p< .000 dcnote diffcrenccs from the cor. 

re.pond!ng air values. 
1 

For atfinitiona of'other .ymbols, aee texte 
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1 

during Vf'ntilallon ",!th SF6. At the higher lung volume Rl p was reduced 

on both ~asf>s, and a signlfieant diCferpnee was ap,ain obst>rved between 

air (.9S) and SF6 (1.45). ACter vagotomy, Rlp rnf'llSured in seven doga 

vas IMrkpdly rf!ducf'd at FRe, and thf! reduetion in rp.slslance as lung 

voluml' incr('aSf'd vas no longer f'vident. The effects of gas physlca 1 

propertie'J were similar to th,. pr('vagoto~ results, as RIV increased 

from • n'and .69 durlnt air hrC'athing to SF6 values of 1.14 and 1.01 at 

35 and 65'4 VC r,.spectil~ely. 
\ 

nH~ y('sults ln Tabl,. 8 revpal that almost all of the change ln 

Rlp associatf'd wlth changes in ~as and 1un8 volume occurred in central 

airways (proximal lo 4 mm hronchl). This 15 illustrated in Fig. 9, which 

plots the pa rtitioned re,istance vS lues before vagotomy during air breath-

ing (abscissa) agalnst the eorresponding values for SF6 (ordinate). For 

thp central ain,ays (LeCt Panel) nll points for both lung volumes lie 
> 

abov~ the line of identity, and Re i~ approximately doublcd during SF6 

b •• HP At FRC, Re Ina •••• d from 1.08 on air to 1.81 dodnS SF6 

breathfng. As ind1cated by the separation of erossu and dots, Re de-

creased on Loth gases at ,the higher lung volume, and SF6 resistllnce (.96) 

rt>!tIllnèd greater than air (l'sistance (.52). The exponent 'n' relllting 

resistance to gas physical propertif's W8S .44 at FRC and .56 at the higher 

lung volume .. 

ln ëontrast, the points comparing pt'ripheral reslstance (Figure 9 -

Right Panel) cluster more closely about thf' line of identity, and the symbols 

denoting diff<,rf.'lnt lung volumps are not elearly separatcd. No si~nificant 

differcnces ",erC' ohSf'rvpd betweC'n mean Rp values during ventilation ",ith 

air and SF6 at either lung volume. Accordingly, values of the exponent 

'n' vere mueh 10wer, indicating that rtaistance ln periphpral airways la 

virtually Independf'nt 'of gal denaity. 
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FIGURE 9 

4·0 ',0 ,: 

~ ~ 
CI) en .. 
G-U a: a:: It 

li. 

2·0 0-5 
lt 

Il 35o/eVC 
• 65%VC 

0 '0 
0 2·0 40 o. 0-5 

\ 

Re AIR (cmH~/lps) Rp 

\ 

.. 
Comparlson of ruistance at 1 lpa bctwt>en air (abscissa) and SF6 
(ordinate) for central (lf'ft panel) and periphe.ral (right panel) 
ai rways. The Une of ident lty is drawn ( •• e text). .• 
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TABLE 8 

[((eet of Gas Physlca1 Propertle, on Partltloned Re.t.tance 

Pre Vagoto!!!y Post Vagotomy 

t VC ~ ~ ~ ~ 

65 Air .52j;.19 .44±.14 .3S;t.07 .34±.09 

SP6 • 96:t.33+H- • 46:t. 15 .58±.16 ++- • 44:t. 08 ++ 

.O4±.12*** * 
'n' • 56:t.14 .36±.23 .161:. 12 . 

35 Air 1.08j:.37 .4~.30 • S't. 13 .22±.12 

SF6 1.81 ±. 75+* .55!.27 
+t+ 

.87±.24 • 27:t. 12 

'n' .44±.1l '** .13±.15 .36±.20 .19!.30 

++ (p < .01) and +++ (p < .001) denote difference fro~ correspondina air 
va lue •• 

* (p < .OS), ** (p < .01) and *** (p < .001 denote difference. fro~ corres­
ponding Re values. 

For deflnitions of other symbol" see texte 

: 
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lOI \ 
Simllar futures are notrd aCter vagotomy (Table 8). Re 

inerra8~8 signiflcantly from .54 (357. VC) and .lS (65tVC) during air 

breathing to .87 and .58 at corrcsponding lu~volume8 durilltSF6 

breath!ng, ~tvlny, an expon~nt 'n'of .36 in cach case. Peripheral 

rpS,~stanc(' 15 mueh l('ss affccted by tht' change in.g8' physlca 1 ptoperties, 
, , 

and the exponent 'n' is significantly lowpr than in central alrways. 

Re incrrasrd wilh flow rate at both lung volulnPs as indieated 

by thp valu('s of K2 (Tablt' 9). Befor,. vagotomy vpntilatlon vith SF6 

eaused a four to five-fold increase in K2 which eompletely accounted 

for the increasp in Re on th,. dt'nse ga ... Wh .. n an f'xponential P-V 

relationship descrihed by equation 2 wes assumed, the exponent 'a' 

increaspd from .22 and .26 on air at 351. and 651 VC respectively to 

.46 and .56 on SF6 at the corresponding lung volumes. Sim!la r changes 

wpre noted after vagotomy. 

In eomparison with the results in central ai~ways, values 

for K2 and 'a' in pHiphpral airways are markedly reduced on both gase. 

at both lung volumes before and after vagotomy (Table 9), indicating 

that Rp is virtua lly independent of flow rate. Furthennore, neither 

K~ nor 'a' increase with gas density. 

The constants calculated from .. ach experiment are presented 

in Tabl('s 10-13. Resistance values in ~ach airway segment for each 

tested condition of lung volume and bronchomotor tone may be obtained 

by summing the correspondin~ values of Kt and K2' The mean results 

presented above may be summarizpd ftS follaws. At both lung volumes 

b .. fore and aftH va~otomy, Re increased signiflcantly vith gas (p#,) 

products and f10w rate, wherpas Rp WBS not influenced by either. 

f 
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1!BLE 9 • "-
Effect ... o{ Flow Mate! on Pli rt 1 tloned R!,htance 

A. Prf! VA&otOllY 

~ ~ 
.l...Y.Ç &! lli lli SF6 

65 KI .39±.14 .37±.32 .J8±.lJ • 4&!;. 21 

K2 .12!. 12 
-t+ 

• 58±.39 .06±.05 • Ol.t. Ü ... 

a .26±.19 of 
• 56!:. 40 .. 171.. 11 .02±. 21 **. 

35 KI .8~. 27 • 92±.. 38 .42±.25 .36:t.1 7 
1 

+++ 
• 18::t. 22 *** 

\ 
1("2 • 22±. 20 .891;.46 .07±. lJ (-

.22±.18 
-t+ .1l+.28 * a .1.61. 08 • 2(};t. 30 

B. POlt Vasotomy ~1", ,._ 

Re ~ 
~ ll!:" SF6 lli .ill 

65 KI .28!..13 • 32:t.. 09 .33.±.ll + 
• 54±. 22 

~" 'd 
.~ 

K2 .07±.07 ++ .011. 04 *** ,,,) • 26±.1) -.ll±.18 

.25±.29 • 44,i. Il .03±.19 9+ *** "., • -.1 _.25 , . 

35 KI .42±.17 • 62±. 22 .23±.14 • 29:t,. 15 

K2 .12±.06 • l'S±.07 -.OI±.05 • .02±.07 ** 

.28±.15 .3<>±.19 .O4±.35 * • -.08::t.33 

\ 

+ (p < .05). ++ (p<.Ol) and +H-,(p<.OOl) denote dlffcrences from 
corre."ndlng air value. 

* (p < .05), ** (p < .01) and *** (p < .001) detlote differeneel fro. 
1 

corre.ponding Re value. 
.l 

For deflnltlon. bf other symbole.' see text: 
[ 

• 
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P.rtltlon~d RCl1ltlnce.at 65~ 'vc Pre V!!&ot0!!!X 
r 

A. Central At t'1Mys 

~, 
Expt. K1 K

2 .!.!.!. '" No. Air SF6 hl! -. SF6 A\r SF6 'n' 
-

1 .4"5 .34 -.04 .52 -.10 .51 .64 

2 .62 -.25 -iD"" .10 1.2). . .16 1.24 .26 
14 

~> 

3 
. ' .35 .69 .04 .04 .14 .04 .54 

" 

4 .31 .27 .07 .50 .26 .67 .61 

~ .34 .18 .12 .5.5 .36 .1J .40 
b 

6 .16 .40 .13 .22 .• 49 .J9 .6' 

7 .45 .18 .24 .54 .34 1 .33 e.l6 
\/ 

8 .46 .55 .33 1.05 .47 .S8 .61 

8. Pertphera1 Alrway. 

,L Expt. Kt ~ .!.!.!. 
" ) NOl lli ill lli Sf6 ili SF6 'n' " , 

\ \ 
1 .58 .55 .04 .03 .09 0 - .06 

2 " .J6 .J9 .11 .09 ",.22 .20 .04 
Q 

J '~2 .67 .07 -.19 .22 -.30 .18 
0 

4 .42 .52 " -.01 -.01 - .04 () .19 

5 .28 .23 .03 .02 .11" .10 -.19 

6 .19 .16 .06 .11 .Jl .38 ~gl 

1 .36 ,56 .05 -.13 .21 -.18 ~< .04 

8 .51 .75 
,----

.14 -.01 .24 -.07 .04 

• ---~--

\ 
"''\ 
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• TABLE 11 
• • 

gaX't it loned 8eslstance at 3S'%. VC - Pre 1 Vaaotomy 

A. Cent ra 1 AirwaYI 

Expt. ~ ~. .!!..!. 
No. M! SF6 Ml: SF6 ~ ru .!.!l!. 

1 .79 .76 - .10 .$2 - .08 .39 .53 
1 

-~--" ...... -
2 .89 1.02 .)8 - ~13 .35 .43 .28 

3 .53 .47 .01 .43 .02 .46 .47 

4 .72 .67 .26 .65 .31 .55 .26 

5 .83 .78 .13 .66 .19 .41 .35 

6 .72 1.28 .37 .95 .38 .37 .62 

;-
l' .91 .74 .49 1.61 .39 .61 .45' 

8 1.44 1.66 . .24 1.56 .22 .44 ';,.~ .. .56 

B. Perlphera 1 Alrways 

Expt. ~ ~ .!!..!. 
No. !!.! SF6 !!.!: ru !ll SF6 .!.!!.!. 

1 .85 .40 0 .29 0 .39 -.18 

2 .17 .29 .06 .04 , .39 .1~ .ll 

3 .41 .52 .01 .'.07 0 -.13 .06 

4 .24 .10 .24 .48 .51 .66 .16 . 
... S .22 • 29 - .03 -.06 - .23 -.21 .20 

6 .24 .26' - .03 .02 - .16 .03 ,.25 

7 .54 .33 -.Ot .34 
' , 

-.Q) .4i .15 
~ ~ 

,,' 

.' 
8 .6' .66 .31 .J8 .39 .31 .05 .--' i 
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TABLE 12 

P. rUt loned Rf'.htln~e at 65\ VC Post Vasoto!!y 

A. Central Alrway. 

Expt. ~ ~ .!!.!. 
No. ~ ru ~ SF6 lli lli .!l!.!. - ") 

1 .47 .28 -.08 .25 -.30 .56 .22 

2 .41 ,,45 .04 .21 .13 .40 .28 

4 .30 .28 .06 .16 .li2, • .43 .15 

,) .27 .40 .12 .17 '036 
\ 

.24 .27 

6 .14 .19 .11 .28 .53 .52 .46 

7 .24 .28 • 07 .20 ' .• .25 .38 .32 

8 .14 .34 .14 .55 .55 .55 .83 

B. Periphera 1 Alrwa.y. 

Expt. ~ ~ .!.!.!. 
No, ~ SF6 lli SF6 Air lli 'n' 

1 .45 .51 -~e4 -.01 -.15 -.02 .15 

2 .27 .58 .08 - .11 .29 -.l8 .21 

4 .27 • 42 .03 .06 .13 .16 .. p 1 • . "" \ .... . 
5 .31 .42 -.02 - .12 -.23 -.27 .02 

6 .18 .42 .04 -.05 .19 -.10 .38 

7 .32 .42 -.02 -.01 -.05 - .15 .23 

8 
, 

.48 1.03 .03 -.50 .06 - • .s9 .Ol 

-,," 

; 

... 
,! . 
,..! 

" 

.' 
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TABLE 13 

Partition~d Resi8tance at 351. VC Post Vagoto!X 
IJ 

~. Central A1rwaYI 

Expt. KI ~ 'a' 
No. Ai.r SF6 Air SF6 ~ SF6 tn t 

'. 
~$ - 1 .40 .39 0 .23 0 .45 .32 

2 .76 .64 .12 .34 .18 .43 .08 

4 .33 .41 .08 .12 .26 .29 .18 

5 .55 1.01 .14 -.07 .25 -.09 .32 .. 
6 .35 .77 .20 .22 • 46 

7 .26 .46 .14 .34 ' .47 
:-~ 1 

8 .29 .63 .16 .45 .70 

B. Peripheral Airways 

Expt. KI ~2-- .!.!.!. 
No. lli lli lli ill !!!: . ill ~ 

1 .26 -.34 .02 .04 .10 .14 .22 

2' .26 .19 -.06 -.01 - .18 -.08 -.08 

4 .28 .37 - .03 -.07 - .18 ·.58 .13 

5 .26 .30 -.cr5 -.12 -.38 -.41 -.11 
\ 

6 .06 .15 .01 .06 .29 ) .24 .79 
1 

.. 
7 .04 .10 .07 .06 .66 • 28 .27 

8 .43 .55 -.01 -.08 -.01 -.15 • .08 

l 

• 
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nu'se rcsults tlpmonstratr a slF:niflc.nnt {ncu'nal' ln Rlp duelnS 

v('ntilation wlth SFfl. Artl'rial oXy~f'n t('n'llons Wf'te not diffcrent on 

ttw two Rll!lf't;. TIH' srMll hut sfRIli.flcant lncrcast' in PaC0 2 during SJo'6 

vpnttl:lllon RIlly df-cr ... ",s" ai[ways n'sistilnce in dORs due to vagally 

'mf'diatf'd hrollchodllation thus oppasLnR ltlf' obs('rvrd increas(' fn resis-

uncf'. A quantilattvdy simllar "f{pct of SF6 and Rl p was obsf'fved 

aftrr vaRotomy, téndlng ta f')« lud ... this ilnÔ othpr vagally mediated re-

fll')(f'~ as " caut;e of th .. observed increA'Ied reslstance. It ls Most likely 

that lb ... ,{ncn8o;f' in tf'ststance is due lo th€' chanRe' ln gas physlcal pro-

pertips. For a laminar flow rp~ime, rcsistancr to pcriodic flow exceeda 

study flow nslo;tance at Iigl.-r frf'qupncies, and this dlfff'rence Is greater 

with Rl'l!lPS of lowf'r kinplTItHic vlscos1ty (25, 167). It i5 argued ln appf'nd1x 1 

(P. 211) that bl'cause boundary layers art' thio throu~hout the bronchial tree, 

rf'ststance Mf'llSur€'d at 4 cps is not different From steady flow resf.sUInce 

during v~ntilation wfth plther air or SF6. Accordingly, the obs~rved cfCects 

of gas physical propf'rtif's 3nd flo,", rAte on lowt'r pulmonAl"y res1stance are 

relevant to conditions of qui~t breathing. 

InfonMtion regardlng tht' physica,l basis of airways resistance 
1 

in centrAl and prriphrral segments of. th'~"bl'onchial t:ree la provi,ded by 

l , 

the l"<,sults of the partition<,d studies. 'Peripheral rf'sistance \0188 nbt .18-

nificantly affected by gas density or rlow rate, wh1ch may be explalned by 

a fully dpveloped laminar flow regime in these alrways. Alternatively, 

the ('ffect of gis density and flow rates on non-Iaminar flow mAy be malked 

by a significAnt contribution of pulmonary tis.u~ resiatance (Rti) to Rp. 

Pulmollary tissue dof'. not b€'have as a flov res1stance but as a non-Ideal 

ctaltle clement exhiblling pressure volume hysteresil (3). The are. of 

the static hysteresis loop il the resi.tive work (W) done on lun, tlaaue 
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per breath and can be converted to 'Rtl u5in~ the equAtion (110): 

R t i = _~2=--W.;..;t:....-_ 

.,,2V 2 
T 

where t 1s the ppriod of a respi ratory cycle. Furthf'rmorc, the hystl'res1s 

area ls a constant fraction (.12) of the product of tidal volume x elastlc 

prf'ssure (4). In this f'xperlmf'nt, the aVE'ragc inflationary compliance 

WIlS 80 ml/cm H20 and thl' tidal volumE' durlng resistancc mcasurement at 

1 Ips was 40 ml, giving a calculatf'd hysten'sis arca of 2.4 p,ram cm, and 

a value for Rtl of .08 cm 11 20/lps. Sinee thl" mNln values (or Rp were .44 

and .49, Rtf contributes a sIM 11 proportidn ot the measured resist<'lnce in 

pf'ripheral airways. Thus, th<, failurp to df'monstratc a significant f'ffect , 

of gas density and flow rate upon Rp i9 best cxpldincd by a fully developed 

laminar flow regime in these airways. 

A quit~ different flow reglme must ('xist in cf>ntral airwllyS where 

the rcsistanep inereased significantly wlth ~as density and flow rate. At 

both lun~ volumes, the exponents 'n' relating Re to gas physical properties 

arp close to 0.5. Similar values of cxponents 'a' relate Re to flow rate 

durinR SF6 breathlng. Thf'se observations support the hypothl?sis that boundary 

laver growth accounts for a ma. jor eomponent of flow resistancf' in centra 1 

airways. Opposing this conclusion 15 the finding that during air breathing 

thr exponf>nt .'a' i9 consldl:'rably lower than O.S. Ulis may br pxplained: if, 
, .. 

boundary layE'r growth effe~ts are prominent up to and beyond the retrograde 

catheter site during SF6 hea thing. but during air breathing, fully devrloped 

para~olie veloclty profiles rxist in alrways contributlng s i~ni ficant ly 

Aecording tn "quation 5 in Pedley et al (119), the prcnure drop 
l ' 

ln th .. lr airwav modl'l became equal to the laminar pressurc'drop when Re::::: 

33. Durlng air brrathlng, Re at the catheter site 8vera~ed 85 when flow 

o.elilations are 1.0 lpa (Table 4). Given the errora ln applying these 

~stlmatest thls value Is not lnconsistent vith. fully developed la~inar 
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profll~ ln atr'Ways some gencrations proxilMl to the cathE'tf'r site. 

Slrace thcse Il lrways (4 to 8.0 rrrn) nccount [or the rmjor resist;.Ance 

ln the dog (84), thr exponcnt 'a' may be markrdly dlminishf'd. On the 

other hand, Re at thr SBme sllr an~ flo'W rate durlng SF6 breathlng 

averaRr 380, and arc com.eivably hlgh enough to prom6tc significant 

boundary lélyrr dlsturbances throllghout the' central alrway. Accordlngly, 

thr mrasurrmcnts of lower pulmonary reslstance cnn be explalned by 

bounda ry 'laypr growlh in centra 1 hronchi and Iam! na r flow in periphera 1 

alrways. TI1C tran'illion bt"twt'en thesc flow rcglmes during quiet breath-

lng oscillatf'S aboul the 4 mm airways according to the prevailing Re. 

Altcrnalivdy, thcsr rcsults may be cxplaincd by a contin,ual 

m(>tam()rpho,sis of the flow rcgime n10ng the tracheo-bronchial tree. Jaeger 

and Mathys (69, 70) pointed out the fluid dynamic similarity bctween the 

hUlMn \lpprr airway and a Vpnturi metre. ln both, th€' pressure drop at 

low Rr 15 rntirrly viscous, but as Re incrcas€', inertial dlsturbance 

account (or an incrcasinp, proportion of the pr€'ssure drop. The exponent 

'a' rclatl)~ r('5istancp ta fiow incrc.ases progressivE'ly with Re from values 

of 0 4 
at Re< 10 to 1.0 at Re >10 • The cnergy cquations dcscribing 

lamlnar flow, boundary layer growth, turbulent flow, and orifice flow 

fnll on this relationshlp (Table l, p.19 ) according to thp general 

f'qunlil'n: 

• li a 1.8 
R=C V P Il (3) 

In thr lower pulmonary alrways, Re progrcssively dfn'linish as gas 

flo'Ws pf'riplH'ra 11y at il glvE'n rate. To the extent that the Venturi metre 

flllid dynumiLs opf'ralc in thf' bronchial trec, th" lldditlonal pressure 

10sses duf' to inrrtini dlsturhanccs at raeh bifurcation 'WIll cause a large 

'ft' ln central alrwaytl and a small 'à' peripherally. According to cquation 
~ 

3, ther<, will bE' Il correspondlnp, large 'n' ",Hh less c{ft'ct of gas vl.scosity 

• 
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centrally, anù Il 81M1l 'n'in pf'rf.pheral alrways. 

This concept 19 9upported by thr lhroretical study of Olsen 

pt al (113). They calculalf'd th", r"siative:- prf'saure drops pPf g~"eratlon 

ot a hutMn airway model at ) flo,", rate". Valuf's of tht' f'xponent 'a' wrre 

calculated from thf'lr results and arl:' plottf'd per Rrneration in Fig. 10. 

Thf' exponf'nt dt'creas(~s progrrssivp1y as flo,", proc('f'ds pl'riphf'rally. Fur-

thf'rm&rc, for a11 but two gpncrations, thl:' f'xponf'nt calculatf'd for the 

Ughr'rpalr 01 flow rates ls Rreater than that calculrltt'd for the lower p.'lir. 

Thf's<' obsrrvations illustrate ttlf' theorf'tlcal dependence of the f'xponent 

'a' upon Re in th" bronchia] tr .. e. 'OH' ('ffect of thls concept on thr 

interprf'tatlon of our rpsults 15 demonstratf'd by a consideration of Fig. 10. 

Betwf'en inspiratory flow ratf'S of 0.5 and 1.0 Ips, (broken line) R1p varies 

as V.56. From tids observation, it is rrasonable to conclude that boundary .. 
layt'r growth pf[('cts account for most of thf' lower pulmon~ry resistance. 

Partitioning R1p with a catheter in the tpnth airway gf'neration reveals 

tha t 
• 60 

Re 1s similarily relatf'd to flow (Rc ct V· ) but that Rp is virtually 

•• 03 
indepf'ndent (Rp cY V ). Now the additional conclusion that the peri-flow 

pheral flo", regime Is laminar is supported. However, to interpret the par-

titioned results as indieating different uniform flow regimes in central 

and pf'ripheral airways would miss additional inforl'Mtion. In thè central 

airways the expotlrnt 'a' d('creases from 0.75 in the tra~hea to 0.25 in 

generation 9. nIe former va lue 15 consistent ",!th turbulence, (sce Tab 1) 

whereas the latter rnay indicate that 8 parabolic velocity profile is r-

established wlth1n thp If"ngth of genHation 9 after being distorted at 

the bifurcation. F,inally. thls mechanlsm suggest5 that due to th lover 

Re, thE" exponpnt 'a' will bp lower ln each generation during ai 

than during SF6 brcathing. It [0110w9 that the oVf"rall exponf"nt 
" 
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Alrway Generation 

Exponent 'a' versus airway 8~neration. ') 
Resistance. per generatlon were calc~ated from pressure 

loS9~s at three flow rates (Tables 1-3 in 9-bén et al (113», and 
used to solve equation 2 Cor 'a' between ~and 1 lpa and between 
1 and l.5 lps. Values of 'à' were simila y obtained for total 
(RLP), central (Re) anq perlpheral (Rp) al ys from the 8ummed 
pressure losses in each segment (113). Fo discussion, see texte ... 

' .. 
'. 
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ai rWlly. ln the present expl'rtment mny hl' si~n1ficantly lo"cr for air 

than for SF6 in th€' sarne way as the VII lue of 'a' dt>crealf>S in Fig_ 10 

from .92 at the h{~hf'r pair of flow rat('g (hence highrr Re> to .60 at. 

the 1 O"fU pa 1 r • 

The cqllation for boundary layer gro"th consldprably over-

f'stimatf>S tlll' mf'asured valuf's of 'Il' and 'n'in the total bronchial 

trt>e. TIIUS, thp prrdict Ion of Pf'dley et ails les! accurate than that 

of Rohrer for Rlp in dOR lungs (spe Table 7). This does not necessari1y 

contradict Pf'dlpy et al, wbose prediction was based on th,e morphometry 

lIf the human hlng. It app~ars from this study that laminaI' flow occurs 

at higher Re ln tht' dog lung than in Il human airway model. where resistance 

con .. iderably excef'ds that calculatf.'d for laminaI' flow when Re are as 10" 

8S 200 (119). Othf'r dllferpncf>S aside,if a smaller ~atio of Rp ta Rlp 

f'Xi5tS in the hUffi:ln lung than was obsprvrd in thts study (.3 to .5), the 

exponpnts for th,. total alrway would approach those observed in central 

alrways whpre they are quitp consistent with thl' predictIon of Ped1ey et al. 

According to Rohrer (135), the flo" resistive pressure drop in 

pulmona ry a irways is the sum of losses due to laminaI' fIc,", and additional 

10s5P5 due to in~rtial dlsturbances of the fluid ln the irregular 

conduct Ing system. The former prf'ssures are proportioned to f10" rate 

hy a factor (K l ) containing gas Vi9co~ity and the geornetry of the alrvay 

scgmE'nt conducting laminar flow. The additional losses are re1ated to 
.? 

th~ square of flo,", by anothet factor (K 2 ) containing gas density and the 

geomctry of éhe alrwny responsible for the inertial disturbances. Fry 

èt al (Sa) pointed out that the distribution of turbulrnce along the 

bronchial pathwav is l'Iimllllr (or t"o gl\ses only when thrlr kinematic 

viscositi~s are slmllar. In thesE' conditions, Kl and K2 vary a. ga. 

viscosity and dcnslty respectively '0 that the effect of ga, phyaical 
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For gall~s ot dltltorlnR klflNMtlc vlscottlty, thf'!Je conlltnlltll Llrc nol 1110 

r,.lat .. d to physlcnl propf'l"tl.·s, prf'slIll!.1bly b,,<..nU8(· thr f(f'omf'tlc factor 

of N,c.h cOllstant chaIlR"S with th" dlstrihutioll of turbull'nce (50). 

Accordlnp,ly, althouf.{h PXpl'[ Irn,·ntnlly fif't"rminf'd pn· .. surf' flow curvps 

lor th .. phY!iI<.1l1 f~Vf'nt!1 ff>spon'Jibll' lor .1irwny rf''llslilIlCf' (9/.). 

It 1, surprlslng tllt'II thilt pn'd1t11011'l of Hlp on Sf6 from 

HohrPI's con.,tnnt'J durlng Air hr(,lllhtn~ (KI x .855 t K2 x ).8) Are wilh-

in 10% of th .. m"Il'lured vnluf's (Tllbl,. 7). B .. foft' vl\~otomy. th,. chanRf'S ln 

KI And K2 froln air to SFh IIr(' -;lmllar to Rohrcr'g prt>dlction. EV"n Ilft€'r 

vAgotomy. wh,.r,. tiH' pr,.dictf>d change ln th"s,. (:onstanls 19 Ip5s accuratf', 

il would not h ... rNlsonllblp. to n'J"ct Rohrf'r's "quallon ln vi.ew of th~ widc 

rang .. of f'frOr inhf'rf'nt ln r1,..tf'rmlnlng Kt and K2 (SI''' Tables 6 & 9). Sf'vpral 

f'arllpr stlldif':; show Hohrf'r's "quation to plf'dlct .IJ .. qlltltf'ly thr chnngf' ln 

r('sistllncr whf'n R~ses ot JiCfrrinR klnf'lMttc vlscocdty Wf'rf' srudlf'd (8'), 156), 

Slnd it ls qu('c;tlonable whetht'r olhf'r rf'ports (94, 114) 8rr jU'lt1t1pd in re-

jf'cting th(' f'quation. Perhaps thf'rp i5 n vaUd physi<.,tl bOlSis lInderlying 

". 

Rohrer's f'quation which ls ccmpatiblc wtth tht' ttlf'ory of boundary lavpr 

Rrowth. ThIs throry sll1tl'g that tl14' parabollc vl'locity proU}f' of Poiss('uill4! 

flow ls dlsturb('d at r8ch bifurcation (11.5) and l'nl'rgy in addition to 1aminllr 

IO'Jses is lIsed to 8ccele-ratc core molf'cules as tht' vcloclty profllf' i5 re-

establhhf'd downslrNlm (113). Thf'!H' additional 1085('s Arr proportloned to 

th~ square of flow by a factor, nnlliggous to Rohrer's K2 , containing the 

gl'omf'try of tlll' bifurcation and g"s dens1ty. Pt>dley C't al (120, 121) point 

out that most of th~ rf'slstancc by whlch turbulent flgw f'xc8cds laminnr 19 

due to the blllnt v~loclty profil~. Accordlngly, turbulence ln branching 

airwys does not grossly altH thf' pressure drop, sinee a blunt profile al­

rudy t'xhtl t~ the absrncf' of turhulf'nce. It fo110"'5 that a pr,.dlctlve 
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cqu.1tlon bascd on lamlnsr 10s!H's for th!' (·ntiec bronchial trcc and 

additlonlll 1095<'11 dll~ to Inl'rlla 1 dlslUrbancf'g rMy peovide not only ft 

d('scription of lower nit"ways rt'slslAncc but a physic111 cxplanntion as 

weil. In tilts r{'Bard, il ls nolr'worthy lt.al a correct mathcmatical 

description of Rohrcr's ('quatton by cquation 2 reqllires the ('xponcnt 'a' 

to increasp will! flow ratf", a [eR!.lIr(' cornpatible with both the fluid dy-

nllmic priTlcJplcs f(!vicwed Ilbovc :ll\d th(' frcquf'nt obs('rvilt.~9"n thl1t Rohn'r's 

constants provide Il Rood description of airway prcssur('-flow rclationc;hips. 

5. SUI'TlJl\,'I!:.,y and \'orlcltl.,lons 

Lowpr pulmon,lry rl'sistancc (R 1p ) was partitlon(·d at two flow 

ratps (V) in anllcsthetiz('d dogs Juring ventilation with air ;nd wlth agas 

mixtuTf' (SF6-ü2 ) havfng 3.8 x the density (p) and .86 x the vlscosfty (ft) 

of .. dr. III airways ppriplH'ral t,) '. !ml bronchi, resistnnce (Rp ) was indrp<,n-

d(>ot of r.:l'i physic:ll pr<Jp('rtic>s '1nd rlow ralp. Whpn tlH' eQuation R:-:: K 

n • Il 
(p JI.) V W:lS <;olved lIsing rpslstanceg m('nsurpd ln central airways, tla(' 

('XpOO<,ot5 '0' and 'a' (,é\ch apprOXi1l\1t(>d El v11ue of 0.5. These results 1n-

dicat(> that fully dev('loped parAbolic velocity profllf"s exist in pf'ripneral 

aiIways,so that the entire viscous prt-ssure 1055('5 sre descrlbed by the 

Poisseuillc cquation. ln centrA 1 aino/ays where Reynold's numb('rs (R ) are 
e 

much gTcat.er, fr<>quf>nt inf'rtinl disturbanccs of the veloc1ty profile cause 

addiLional pr('&surr lo<;sc5 which are adequAtcly describ<,d by the <'quation 

of bounoAry layE"r p,rowth. lt i5 likE"ly. th:n these two flow re~iml's are 

not discrrte but undC'rgo II continuaI mptamorphosis from prcdomin:tntly 

incrtilll pr(>ssure losses to compl(·tely viscolls 105s('5 n~ Re decreas(' bc-

tW('l'n trachea and lllvpoLL Primarily bpc:luse '), accounted for 30 - 50'%. 

of Rl p • the boundllry layer ~rowth l'quation oven·stimilted the t'Cfcets of 

Ras physlcal prop('rt1ps and tlow rat(\ on lower pulmonary rl'sistance. Rohrer's 

eqUllUon more accuratcly pr('(llctcd tht'se effects, and it 19 slIggestcd lha:t,. 

there!MY be Il physiclll bAsts undcrlying ils Adequate rMthf'rMtLcal description 

of thcs~ pulmonary preasurc-Clow relationship •• 

1 
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B. Th(· Effl'ct of G~r; l'hygl,_111 l'roprrtlec; and 
Flow R.'ltf' (Ill IIII1T1olI1 Lowcr l'\I11l~n:ny I{esl'llancl'. 

1. Introduction 

Jn the pr('viotls sf"clion, lhe rellllionship of canine lower 

~ 

pulmonary r('sistance witl! gas physical properti('s and flow rate was 

d('scribN! und c.ompared wilh theoretical l'quations dcvcloped by Rohrer 

(135) lllld Pcdll'Y l't al (119, 120, 121). Using a similar approach, this 

study atlf'mpts to ell1cidatf' the (luid dynamics undf'Tly1ng human lowl'r 

pulmonary lf'sistance. 

2. Mf'thods 

Lowl'r pllimonl\ry resistl1ncc W<lS mf'(lsllred in 3 voluntecr lahora-

tory pf'rsonllcl. An ('<)9phag('al b.1l1oon (lf'np,th 10 cm, circumfcrencc 3.5 

cm) ""as positiollpd in thl' lowPr third of the csoph;lguS. Undcr local 

anaf'stlH'sia and 3Sf'pt ie tr'chniqu<" a /118 gaug(' mcdicut '.las inserted 

bptw('en thl' Sf'eond and third tracheal rings. The intratracheal posi-

tion WélS adJustcd undl'r fluoroscopy to give the slMllest angle with • 
resprct la the axis oC flow and to cnsurc that the catheter did not 

move durinp, J"<'5piration. Th(· csoph.1f,cal balloon and tracheal needlc 

wcrc connpctrd to opposlng ports of a Sanborn 268 B differentlal prrssure 

• transducf'r. Th!' subjl'ct \.las sealed in an Emerson volume disp1acement 

body plpthysrnofrnph (9A) and brNltlll'd through a Fle~sch No. 4 pneumo-

tllchy~raph coupll'd to a Sanborn 270 transducer. A two way brcathlng 

valve (Warrrn E. Collills lIigh Velocity doubl'e J) \.las conncct<,d in scr!<,s 

Wilh th(' plH'umotachyp,rnph, and th<, inspiratory Une was connf'cted to one 

e of thr('(' gAS mixlllt'('S conslsting of 217. oxygen in hcl1um, nltrogcn or 

sulfur lIexil fi uoridC'. 
.. 

Aft('r thrpc minutes of open circuit breathlng 
l, 

punctWltf'd by several vital capllcity brcaths, the subject inspired to 
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Loul lung c'."acHy. l'xplrl"d to his pred(·terminpd f'RC and began to 
L' 

brcath ra"i-dly (100 bpm) and shallowly (<: 300 ml) for about )0 seconds. 

This rrano('uvrf' WIIS rrpf'8trd thr('1" times on rach fias, and air m('Rsure-" 

mf'nts wrrf' rf'pratrd bpfore !!Ind aft('r rAch forrign gaq. Hpasurpmf'nts 

vere 8150 obtAtnl"d at 8 lower lung volume (FRG -1 litre) ln two subjpcts 

br"'lthin~ air and SF6. In onl" subjrct (LE). FRC m('a .. uremr'~ts v('re re-

p('ated on air And SF6 aftrr An IntrAvpnouc; injrction of 1.2 mp, atropine. 

Sipnals proportional to flow, prpssun', and bng volume wl"rp 

recorded on a Sanborn Poly Viso and storpd on rMgnetic tapp. Ta analyse 

the data, flo., and pr('sc;ure signaIs were' led from thr tApe ta é\ storage 

oscilloscope (Tektronix No. 564) and thl' rf'sulting prcssurp-flow loop 

wes closed by subtracting from thl" pressurE' a slp,nnl proportlonal to 

lung volum .. (104). Thl" cloc;rd loops wrre' tract'd and lower pulmonary 

rpsistanc(' (R lp ) Wlts calculatrd at ± .25 And + .50 lps taklng nccount 

of thf' mpnsur .. d dlffrrrncp in Ras vLscositips {spe below}. Using Rlp 

values ft t two flow rates, th" equation Rlp ~ KI + K
2 

V was solved for 

Kl and K2' and the equa tian Rlp == K ( P jJ 
)n . " V was solved for the 

exponf"nt 'a' on each gas. Simi la rly, thf' t>xponent 'n' wns calculated 

using the diffprent density-vlscosity products and thp correspondlng 

differenc~q in R1p bptwf'en pairs of differpnt gases {e.g. helium-air 

Using a t~chniquc descrlbed above (p.93 ). the pneumotachy-

p,raph wa s found 1 inca r ta 2 Ips on ail gas mixtures used. For a given 

{low rate, thp flow signlll for the helium mixture vas 127. greatcr and 

that for the SF6 mixture WAS 14.5~ less then for air. Thesp differences 

are prcsumnbly due to the dlffercnt "lseosilles of thp gases. GAS den-

sities, calculat __ d as outHned previously (p. 95) g8VP values for heUum 
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and SF6 mixtur~8 of .39 and ].8 respectively times that of air. Thus, 

the corrpsponding d~nsity-vi.co.ity prodücts relative to air wcre .43 

(helium) and 3.24 (SF6). 

Errors in the mea.ur~mp.nt of laterAI lr~che41 pressure are 

due tb angulation of thp n~edl~ with respect ta the axis of flow (yaw) 

and to Acceleration of gas betwPf'n trachea and alvcolus. If yaw ls ~ 

constant, the rpsulting errors in inspi-catory and explratory resistnnce 

are equal and opposite, and so ~y be ignared whf'n Rlp ls calculated 

for both phasf'S of respiration. 

3. Results 

Considerable c~rdiac artefact wes pncountered in the pressu~e-

flow 100p5 reçorded from all subjects. By replaying the rpcorded signaIs 

.~epeatedly, it wes possible ta obtain for each tested condition three ta . , 
rén closed P - V 100p5 from breaths apparently free from cardiac artefact. 

When the m~an val~es for Rlp for each subject were comparcd (t-test) be­

tween gas mixtures, Rl p increased (p <.05) from helium ta air and frona 

air to ~_~6 (Table 14). At FRe, the exponpnt 'n' averaged 0.35 for alI 
--, 

1 

subjects. At the lower volum~, the Q~fect of sas physical propcrtle. 

ws greater in LW and le~s ln LE, giving a similar average valut' for 'n' 

(0.31). After atr.oplne, Rlp increased from 0.45 cm B20tlp. on air to 

• 7S on SF6 ('nt 0.45) • 

'l'hp P - V curves wrre gf"nt'rn lly a 11n('a r. Bf'tween ± .25 a t 

± .5 lps, values of the e~ponent 'a' for aIl subjects (Table 14) averaged , 
0.16 at FRe, and were conslderably 10ller thon the corresponding 'n' values • 

• 
This UI. alla true at the lower lung volume. and after atropine the P - V 

curves were 11near ('a' - 0). ln addition, a tendeney for 'a' to inerease 

vith sa. dt'nsity Wli apparent. Thil relation.hip ~s explored in more 
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Sub ject 
.., 

!!.!: 'n' ru -
LW R1p(±Sd) 1.3'4(.14) .45 2.25(.1'0) 

r-

'a' .10 .11 

K2 .18 .34 

, 
LE R1p(:tSd ) 1.17( .12") .16 1.43(.12) 

v 

la' .09 0 

K2 .12 0 

--" c ____ 

--

• .Lowe r pu 1 mona ry reshtance in ca "20 per Ip •• 
, 
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detail for 8ubjpct LW, whose flow excursions ftltd~ed the calculation 

of Rlp at ± .75 lps. A second value of 'a t WIl' calculatl'd for eIIch Ras 

at th .. highèr pair of flow rates (.5 to .75 1ps). Although 'a' values 

4 
increased with flow rate on ('ach gas, Il 8ingl(' value for K2 adequlltely 

described thp pressure drop at the thrce flow rates. TIlf' exponent 'a' 

aiso incrcasrd with Ras density, and a good correhtion was obtalned 

whcn 'a' was plotted against a relative R(' scale (Fig. Il). 

4. Di scuss ion 

Thf' measured values of Rl p during air brcathing are similar 

to previollsly rcported valll(,s 0 /., 44,65,157). Of these studies, only 

. 
Ferris et al (44) mention the P - V contour which was essentially linear • 

. 
In lhis study, 1inpar P - V curvps werp noted in one subject (LE) during 

air breathing whereas other curves werc notlceably alinear. A review 

of s('vrral papHs whlch cxamined the p[(ect of gas physical properties 

on human pulmonary (50, 85, 87, 94, 114) and airways (156) resistance 

revealed that both vary as the 0.5 to 0.6 power of gas density. Jaeger 

and Mathys (69, 70) observed that upper airw.ays reslstance wss related 

to gas dpnsity by a higher power (about .8), 50 Rlp is expected to be 

less affected by gns density than the total alrway. In a model of the 

hutMn bronchia 1 trf'e, the resistivl' pressure losses were completely 

d~scrib~d by calculations bas~d on the growth of boundary layers (119). 

Applying the eQuation of boundary layer growth to human bronchia 1 mor-

phom~try, Pedl~y et al (120, 121) predicted that Rlp varies as the 

square root of Ras density, vlscosit~ and flow rate (eq. 2, P.91 ). 

In th~ dog lung, the exponents relatinR Rlp lO ga, physlcal propertles 

('n') and flow rate (ta' were considerably less than predicted. 
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FIGURE 11 
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RELATIVE REYNOLO'S NUM8ER 

The r~lalionship betw~en Reynold's numbpr and exponent 'a', in lower 
pulmonary. airways. Ordinate: Exponent 'a' 'calcu1ated froID Rlp values 
mt'asur('d ln LW at .25, .50 and .75 Ips on hel1um (0), air (.) and SF6.6c) 
Absclssa: Log leale of rplativ(' Reynold's number, expressed a~ the 
avrrage value ealculated for the lower and hifther pair of flow rate. 
for eaeh gas mixture. Absolute Re calcu1ated for generation 5 of 
Weibel's 1unft model ar'e SO times gr,,:ater than the r,e1ative values • 

• 
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Thr ('fff'cts of Ras physlcal propf~rllc5 and flo", rate upo", 

hUmIln Rlp appra r quit€' S Imi.~a r to thosf' in tht> dog. The exponcnt 'n' 

19 1f'55 than that preJictl'd hy Pedlf'y et al, suggesting that 8 flo" 

reglmr lrsq dpprndrnl on Ras drnsity and flow ralr than boundary layer 

Rrowth musl accollnl (or Il c;uhstantial portion of human lowrr pulmonllry 

frslstancf'. In lh., caninr lunp" laminar flow was d .. monstraled in alr-

ways pf'riph!'ral to f. mm bronchf, which accounted for 30 lo .50'7. of Rlp. 

ln mon- c('ntral airways, the equatLon of boundary layer Rrowth ade-

qU.ltPly dl'scribed tilt' obsrrvt'd effrcts of Ras physical proprrt!rs and 

flow catr upon r('sist",n~e. Laminar flow in periphpral airways accounting 

for a simllar proportion of human Rl p 1s onr possible explanation of thpse 

n"iults. Altprnativdy, pulmonary tiSSUl- rpsistance (Rti) nf!y obscure an 

entirely adequatE" dpscription of lowrr air'Ways resistance (R law) by the 

E"quation of boundary l.ayer growth. Marshall and Dubois (86) reported 

an avera~(' valur tor Rtl of .21 cm H20/1ps measured at FRC in 12 healthy 

adults during a rapld shallow hrrathing manoeuvre quite similar ta that 

used in this study. Whrn this value was subtractcd from Rlp and the 

pxponents recnlculatf'd for R la'W, the values of 'nt were much cloger to 

that prrdicted by Pedlry pt al (Table 1.5). Accordingly, thpse results 

do not exclude thr p0ssibility that the cquation of boundary layer Rrowth 

adl'quatrly dt'scribf's the prrssurr-flo'W rdatlonshlp of the human bronchial 

("' 
------' t r.' p • 

On~ tindln~ opposin~ this possibility is ihe increase of the 

exponent 'a' with ~as drnsity and (10'01 rate (Fig. Il). This observation 
.' 

supports thf' theoretical dependpnce of 'a' upon Re discussed ln Section A, 

and 90 5u~gests thAt t'hf' bronchiAl flow rf'glme is "ot constant. Rather 

it undrrgoes a continual mf'tamorphosls, in "hich the relatlonshlp bet",een 

reshta.nce. ~as physlcal properties and flo" rate chanRe according to 
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TABLE 15 

* Exponf'nts Relat lng Gas Phys Ica 1 Propertlr.s and Flow Rate to R law 

, 
'a' 'n' . 'a' 'n' .!..!! 

Subject ncl'~ Air ill 

PO .18 .54 .30 .75 .52 

LW 
~ 

0 .53 .16 .45 .27 

LE .26 .92 0 .45 .14 

* Resistance ln low~r alrways estlmeted Iby subtractlon ~f Rtl from Rlp' 

(See tut). 
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equation 3 (P. 109). Dudng quiet bn·athing «(1 "" .4 Ips), Re between 

lobar bronchi (1000) And 2 lII'Il airways (50) are in the range where 

boundary layer growth Accounts for almost aIl of the pressure drop 

('II' == .5). Outsidf' tht'se Re limits, there ls a tendency toward 

turbulf"nt or laminar flow. At high Re. turbulent eddies cause added 

inertial pressure lasses, whlch alter the exponf'nts according to 

equation 3 toward an 'a' value of 1 (for classlcal turbulE'nce. 'a' = 

.75). When Re are 10",. the paraboUc velocity profiles may be re­

establishpd within f'8ch gf'neration, 50 that a portion of the pressure 

drop pf'r ~f>nf!ratioll is f'lltirely viscous and the exponents change 

according tQ equation 3 toward an 'a' value of zero. rhus, when Re 

are large, as with SF6 breathing at + .75 lps, values of 'a' in each 

generation increase, .and central airways having larger initial 'a' 

valllf's account for a grpater proportion of R law (Fig.ll, 'a':: .35). 

Whpn Re arr small, as with helium brE'athlng nt ± .25 lps. tne 'a' 

values per gpnpration are reducf'd and the peripheral airways having 

sma 11er initia l 'a' va lues 8ccount (or a greater proportion of R law 

(Fig. Il, 'a' = 0). Accordingly, the results of this study rœy be 

intprprPt~d to support a variable flow regime in the branchial tree 

in which bOllndary laYPf growth 1s the prlnciple cause of airways 

n'sistance. 

A further objection to this InterpretAtion i5 the observa­

tion that 'a' valups, pven when corrf"cted for Rti, are less than one 

haH the villups prt'dicted by P.,dley et al. Fu~thermore. sinee gas 

density was tht' prpdominant change ln phY!Jical propertit's, 'n' must 

be at If'8st as sIMll as ta t to be compfttible with eQuatlon 3. The 

descrcpancy b~twecn observed values of 'n'and 'a' sU8geits 8 peculiar 

flov r:PRimt' in whlch the exponent rf"lating res1stance to flow h less 
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than that relating reslstancp. to, tlcnsity. Onf' possible ~xplanallon 

1. the effect of p~riodlc Clov upon reslstance ln frequently branchlng 

tubes. As pr~viou51y dpscrlbed, rf'si9tance to period1c flov exceeds 

rcs1stancr to stc~dy flow when the dlmrnsfonless term, fi , exceeds 1. 

(4) 

where w 19 anguillr fnqu('ncy, x is distance from the bifurcation and Uo 

15 corI' velocity. 'OIlIS, th .. trndency [or oscillations to ralse reslstance 

above th(' steady flow value Increas('s as Clow rate o~creases. Further-

more, thr panting manoeuvre often exhiblts the highest frequf"ncy compon-

cnts at the onset ~f inspiralion and ('xpiration (Fig. 12). Solvlng 

equation 4 for a [rpquenc.y of 4 cps, values of B in the 2 to B mm alr-

ways of Weibel's 111ng mode1 (159) are l('ss than 1 when flow exceeds 

200 ml/s"c, ùut at 100 anô 50 ml/sec, B i5 equa1 to 1.'. and 2 respec-

tlvrly. Ta the cxtent that these effects pxist in the bronchial trce, 

the P - V curves are 1inearized and value'!; of 'a' underestimate the 

inertia1 contribution to bronchial resistance. Becausc B 15 inde-

pendpnt of r-RS physical properti~s, 'n' ls unaffrcted when periodic 

flaw causes addf'd rcsistancp. In such conùitions, 'a' bE'comes IE'sS thsn 

'n'and ('qua lion J' po longpr descrlbes bron~hial reslstance. Furthprmore, 

Rohrer's equation is also invalidatpd, slnce il1erttal losses are under-

f'slimated hy th{' P-V curvilint'arity (K2). Accordingly, fallure to predict 

thp f'fft'ct ot Fas physical propf'rtfes in thts study docs not disprove the 

underlyln~ physlcal ba.ls ot Rohr('r's pquation durlnp steady Clow. 

Clf'arly, human lowE'r pu1monary rcsistancQ ls not adequately 

describf'd by cquations for lamtnar, entry length, turbulent or ~rifice 

llo..., rCRimes. fhis was also obsrrvpd in the upper airway ...,h{'re the 

vnriablf' flow rcgime of a venturi mr.tre best described the meAsurcd 
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• l'cs {ataOCE> (69). Si oce the gl"nera 1 l!qUA t ton underlying thls and 

othl'r clllssicai flo,", patterns (Equation J) may b Iso describe 

bronchial rcsistaoc(' to stf'ady fla,"" it conceiVllbly provides the 

best d p scrlptfon of human ainll1ys rcsistance. This possibllity 

may bl' tf'st..,d by comp.lrtnr, rl'sistencf' mcasurE·d on gas(>s having 

diffrrrnt physical propprtirs wlth corrrsponding predictions 

calt:ull1tf'd [rom ('quation 3 usinF, 'a' valu('s measur('d during air 

breathinR in stf'ady flow conditions. 

5. §ummary And Concluqions 

~ 

1..0w(>r puhl100ary rcsistancc (Rl p ) was m('8sured in three 

hcalthy volunt('('rs hrl'athing mixtures of 21% olCygen in helium, 

nitroRen and SF6' Rl p Incrcasrd with gas dcnsity (pp.) and flo,", 

rat ... (Y), indicating that bronchial flow 1s non-lamlnar. Solution 

of thf' ('quation Rlp =- K (pp.)n Va R8VP 'n' values of about 0.3, 

and l'ven lower values of 'a'. Thua, Rl p is not adequatcly described 

by the ('quation of boundary layer growth. Although tissue resistance 

mav obscure an adequat€.' d('scription of airways r(>sistance by th!! 

<'quation, th(' obse~ved dependence of 'a' upon Reynold's number suggests 

a non-uniform bronchial flow rf'~imf'. To the extent that pf'riodic flow 

l1nf'4rizf'd th<, p-v nlationships, thl'st' rf'sults arc compatible with 

the gf'ncral f'quation R = K ya pa p. l-a, where 'a' rcflects the in-

c rUa 1 dist urbanccs of flow • 
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c. Th~ Effect of Flow Rate on the 
R~810nAI Distribution of Insplrèrl ca. 

The distribution of slowly inspired gas among vertical lung 

reglons Is detf'rmincd by the regiona 1 lung compl iance (36. 107). Anthonisen 

and hi .. co-workPrs (89. 90, 134) obscrved that boll of 1)3X{' rapidly In-

spired fro~ mid lung volumf's an not distributed according to regional 

compl1ance, and suggested that during rapid inspiration, regiona 1 ven-

tilatlon is determined by regional resistance. The th{'orelical analysis 

of thts possibillty has (('c('ntly been extended (81,122), and P(>dley et al 

(122) have ca lculated from the mechanical lime constants of upper and lower 

lobes detailed patterns of redistribution of lobar ventilation as inspira-

tory flow illcreases. Th(> prespnt investigation attempts to answer spveral 

questions by determining the pattern of change in regional ventilation 

as flow rate increasE'd. ThesE' questions are: At what flow ratf' doe9 the 

regional distribution chan~t> from its compliance determined value; by how 

much does it change when flow ratf'S are very high; is the pattern of re-

distribution adequately explaint>d by the mechanical time constants of 

lung regions; if so, i9 thr rf'Rional ventilation at hi~h flew rates detf'r-

mined by n'gional resistances? 

2. Ml'thods 

a. Experiinf'ntal Procedure. The vertical distribution of gas 

insplred ovrr a widc range of flow rates was mf'asurf'd wlth a modification 

of the 133Xe tt>chniqut' descrihed by Dollfuss et al (36) • 
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5ubject Age 
(yra) 

PD 33 

KG 25 

JH 36 

cc 51 24 N -
AJ 33 

LW 29 

AZ 30 
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TABLE 16 

Physieal Characteriatics and Luna Volumes 

Hei~ht Weight TLC FRC/TLC 1. 
(cm) (kg) (l.BTPS) 

172 82 
\j 

6.6 S3 

178 83 6.5 5S 

180 76 7.6 48 

172 60 6.4 48 

190 83 8.5 49 

180 80 8.8 52 

176 n 7.0 50 

. - .. 

'.!' 

8 "',. 

RV/n.c 1-

14 

23 

23 

17 

27 

22 

23 

, 1 
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SeVf'1l hNllthy mAlI' lAborntory pf'r!Jonnf.l who vere (amillar 

with respiralory mano('uvtf'S Wf'rf' sludif'd (Table 16). Two were moderate 

c1F,8 rHtp smohrs (PO And MG). Each sub jf>ct sa t in Il cha t r with support 

for hiq hrad, arms and bac..k, hrf>athing room ai r through a mouthplf>ce. 

A{t('r inspirinR la totAl lung capacity (TLC), hf' waS '.wltched into the 

br!.'81 hing circuit (Fip,. 13) and expircd a mpl'l5uTI'd volume to functional 
/'. 

rpsidual capacity (FHC). A 2 ta 4 ml bolus of 13JXe (2 mCt) was tnjpcted 

with a ~yrinpr inta thf' moulhpipcp during a sha~.(3-5 sec) breath hold 

at FRC. The subject thpn inhalf'd forcibly to TLe at variou5 constant 

inspiratory (Iow rates dptermined by a StarllnR resistor (spe below). 

At TLC, rrgianal caunt rates werp r('corded during a 20 sec breath hold. 

Thf' subjpct's positlon with resppct to the chest counters was carefully 

cheeked and adjustrd throughout caeh study hy means of marks on the 

anterior thorax and a fixed pin point light source. After six to ten 

different [low ratps wpre studied with two or thre~ baIL each, the subject 

~s switch~d to a scparat~ closed spirometer circuit containlrtg 133Xe ln 

air (7). 133 
Once Xe concentration was equilibrated between the spirometer 

and th(' lun.gs, r('glonai count rates at TLC were recorded during several 

20 spcond breath hold periods. 

RpRional count rateg were measured by six scintillation counters 

facinR f'ach llln~ and positionpd in sUt colltmators mounted horhontally 

bchind thf' subJect's chpsl. 111e most apical pair of counters were post-

tloned about 5 cm bt>low the lung apices, and the others al 5 cm lntervah 

down the lung. Inspiratory tlow was measured by a Fleisch No. 4 pneu~-

tachy~raph coupled to a 270 Sanborn differf'ntial prE'ssure transducer • 
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~'l(j URE 1) 

STARLING 
RESISTOR 

~ 

STEAO­
WELLS 

SPIRO. 

PNEUMOTACHOGRAPH 

Schematic dia~ram of breathinf apparatus. See texte 
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l'" lr~ flow rccording system vas linear for ,air ~~ 8.0 lps. The flo,. 

lignaI wes dectrically intpgrated to give an accurate measurement 

of the initial 300 ml Inapired volume. Pressure at the raouth (Pao) 
,,' 

wes estlmated by a Sanborn 2678 dlfferentia~ pressure transducer. 

Flow, inlegra ted flov and Pao v~~ simuluneously recorded on Il four 

channel Sanborn Poly Viso. lnspired and expired volumes vere obtA lned 

trom the splrometer kymographe A signal from ~ potentlometer attached 
/' 

to the splrometer and the outputs Crom lhf> scintill~tlon counters ver~ 

stored on tape. 

The reglor.a) counl ratesl.. .. ;were replayed from the tape toge\her 
_~ lM .. 

vith the volumè signal from the potentlometer. the followlng equatlon 

was uied to calculate regional v~ntilatlon per alveolus <~t'.(alv», for 12 

lung regions: ~ 

CRr(bolus) xL CRr(eq) ~ 
'" vr (a i~) = X 100 

CRr(eq) x 2: CRr<bolus) 

where CRr(bolus) is the reglonal count rate at TLC after inhalation of 

the bolus and CRr(eq) ia the corresponding reglonsl count rate after 

• 
equilibration (background, counts are subtracted). Thul, Vr(alv) is 

expressed as a percentage of the mean ventilation of aIl 12 region •• 

In four 9ubj~ct5, several boli vere administered vhen the 

subject and br~athin8 circuit vere equilibrated with a mixture of 20~ 

oxygen in aulfur hexafluoride (SF6). This gal mixture ls about four 
. ~ 

times as dpnle and .85 timel as viscous as air, and approximately' 

doubled the lower pulmonary resistanc~ measured in two of the subjects 

(PO and LW, Tablf> 14). Ouri~'SF6 measuremf"ntl" calibration curvf' 

WBS uSf'd to corn'ct flow recordings for ((a. viscosity and non-llnf'arlty • 

- -- - . 
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b. Prellmlnary experl~nts ln order tq lnterpret the 
l 

r~.ults. it ws nf'Cellary to know over which part of the tlda l volume 

the bo~u. wa. di.tributed to the various lung regions. For a given 

flov rate, the till\e uken for a 133Xe bolus to be vertical1y distributed 

will depend on the airway volume betwf'en tht> injection site and the 

lobar bronchi as w~ll as the volume of inlpiratE' that h labelled by 

the bolus. In a pre l1ruina ry series of experiments. these pa ra-meters 

were estimated ln twc subjects under the same experi~nta1 ~onditions 

as describt>d above. A scintillation counter vith horizontal 91it 

collimation vas positioned in front of the extra thoracie trache., 

below the ericoid cartilage. Ouring inspiration, count rate and flow 

(pneumotachygraph) were simultaneously recorded on Il four~channel Sanborn 

"' Poly Viso. The ana 10gue ra t~ meter had l t ime constant of 3 msec and 
" 

the recorder a 90l response time of 8 rusee. Tracheal count rdte WSI 

\ 

replotted asainst inte~rated flov, 50 that the area under each eurve 

rt!presented the amount of injected tracer (Fig. 14). ln both subjectl, 

at all flow rates (.2 to 4 Ips), 40 ml (S.O. = 8 ml, n :;:: 12) was inspired 

before 5\",of the 133Xe bolus _s counted and 135 mt' (S.ri. = 40 ml, n :;:: 12) 

vas inspited when 75't of the tracer had passed the counter. Addin~ 46 ml 

for the airway volume betw~en tracheal counter and the 10bar bronçhi (159), 

approxi~tely 100 ml 15 insplred before the 1eading edge of the bolus 

reaches the f1rst point of vertical distribution, and the distribution 

of the next 100 ml i5 measured by the bolus technique. Although the' 

tra11ing count rates usual1y Apread over a largir volume as flow rate 

incr~ased, thls flow dep~ndent component constituted les, than 25\ of 

the Insplred tracer • 

, .. 

o 

/ 
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FIGURE 14 1 

. 
.. v = 0·2 lps ot count rate 100 0/0 . 
o V=2.0---- .. -~---

0·1 0·2 

INSPIRED VOLUME (U 

(} 

Volume distribution of 2 ml l33Xe bolus injected et mouthpLece 
and measured in extra-thoracic trachee during inspirations at 
0.2 and 2.0 lps. Ordinate: tracheal count rate, expressed és 
~ of peak count rate durin~ that bréath. Abscissa: inspired 
volume 'In litres. Area under curves indicate that most trac.er / 
1. dlstributed in volume inspired between 40 and 130 al fP&. 
surt of breath. 
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Ta en.biE' ~ubj~cta to r~.ch hlSh flov rates before 100 ml 

wes lnsplred,And yet to maintaln constant flov durlng distribution 

of the bolu., a modifled Sterling rcslstor wa. constructed. A tube 

of th!n latex rubber (length 4.0 cm, diam(·ter 2.5 cm) WSl. encloled 

ln an ~lrtight luctte box (22'x 12 x 12 cm). When the box pre.sure 

WIIS atmospheric, progressive lovprlng of prf'ssure at the 'outlet of 

the box causpd proportional lncreascs ln (lov rate untll, at about 

4 Ips, the latex tube bpcdme visibly compressed and further reductions 

in outl~t 1)rrssure cauSE'd no further lncre.se ln flow. ThE' maxiaal 

(lov rate could be changpd ln a reproducible manner by ~dding (or re-

moving) measured volum~s of air to the box. When this device wes 

insertpd ln the inspited Ilne of a lov resist~nce bag-in-box breathlng 

circuit (Fig. 13) the subj~cts could usually increase inspiratory flÔ~-
•• 2 

to 4 lps in 1r8S than 50 msec (LV:c 80 Ips ) and hence reach 8 constant 

v 
flow before tht' bolus WIlS dlstrlbuted at this and ail lower flo" rates 

(Fig. 15). To reach higher [lov plateaux prior to bolus distribution, 

some subJects inspi red aga Lnst a close'd stopcock, whlch "RtS suddenly 

'" opened. 

3. Reau l ts 

• 
In l'ach study, the range of VI about the mean value for multiple 

determlna~ions was less than' 151. The pre-lnspiratory lung volu~ varled 

l~ss than 100 ml fr~for 951 of all boll lnhaled. 

vcolar S8S de~~~~sion due to Pao differences betveen 

Variation of, al-

bo li lM 1 le, .. 

than 50 ~and Pao WB. virtually constant during the distribution of 

cach'bolus • 
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Fl(,URE 15 

MP F1I1II-4[ 
,lPI 0 IijIM .... ~tJ, 

VI 
Ittr •• 
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1 

:,'~presentative records of inspiratory flow rate (lps) and 
inspired volume Cl) front three bolus inhal~ons in sub.1ect 
J.H. Arrows indicAtn the ~econd 100 ml inspired at .J, 1.4 

"'-1nd Il.2 lps • 
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No ayatf'lIIIltic differencea helween V (alv) of right and lt»ft 

r 

lung. were obaervpd. and only ft~an ~lupa for each vertical 1ung reRion 
.' 

~re prcapntpd. nle 8um of count ratea during equillbratlon 18 conslderüd 

ta rppreaent total 1ung volume, 50 the proportion of count ratps in each 

vE'rtical reRion indientf's the propo'rtion of lung examlned (Table , ). 

To l11ustrate the methodologLe varLation, Fig. 16 plots the results of 

dupl1cate determlnations of Vr(ldv) for Sf!ven subjects and six regions. 

Similar variation was obsprvf'd wllen f'&ch region WSs considered separatply. 
\ . 

The effect of inspira tory flow rate on the Vr(alv) of tbe upper-

most and lowermost reglons in Of'e subJcct (AZ) lire shawn in Fig. 17. 

Each dot, f'prespnts one measuremant and the average va lues for similar 

flow ratcs are connected as illustrated. Jo'rom such curves, valups of . 
Vr(alv) ..,pre read at the same six flow rates for aIl subjects and lung 

reglons. Flow rates were chosen which were close to those obtained ln . 
a11 subjects. The mean (± SE) values of Vr(alv) for a11 subjeets are 

plotted ag8inst flow rate in Fig. 18. As flow rate Increased, Vr(alv) 

incrt'asf'd to apical regions (5 and 10 cm from lung top) and decreased 

to basal rcgions (25 and 30 cm), whereas middle lung regions (15 and 

20 cm) were less affected. Most of the r~distribution of ventilation 

occurred between 0.1 and 1.5 Ips, and Fig. 19 shows the ventilation 

distribution down the lung for these two flow rates. The vertical 
. 

gradient of Vr(alv) wes reduccd at 1.5 Ips. Signifieant differences 

(p < .01) were observed in the two apical and two basal lung regions. 
~ 

Th .. v('rtical inequal1ty of ventilation may be cxpressed by 

thf' upper ta lower ventilation ratio (VU/VL) defined as the ratio be­

tween \tr(alv) of the two UppHmost re~{ons (5 and 10 cm) ta th .. two 
) 

lowermost reglons (25 and 30 cm). Figure 20 illustrates VU/VL .g.inst 

inspiratory flow rate for each .ubject. At 10\1 flow rates, api~l 
\ 1 
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TABLE 17 

Regional Counts at Equilibration (\ of Total) 

.5 10 15 20_ 

.... 
.. 1 

9.1 14.8 18.0 20.1 

1.8 1.9 .8S 1.2 

25 lO 

19.8 18.2 

1.4 2.9 

\ 
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FIrJU!Œ 11 

A.Z. 

• • 5 cm from lung top 
06-- ----à 30cm.. .. Il 

• 

2 4 

INSPIRATORY FLOW (t ps) 

y~ (.~lv) in the upper and lower lun,. rep'l.ons plotted a~nlinst 
VI (lps) for fourteen lJJXe boll in one subjact. Trianrles 
denotA menn ~r (Alv) of several boli inspired at similar ~I. 
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, ' FIGURE l! 
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FHiURE 19 

• • o· r lpi 
x------x I·~ lpa 

T -''i--------x 
l 

l , 

10 20 30 

DISTANCE FROM LUNG TOP (cm) 

Mean + SE Vr (nl v) for seven sub.1ects plotted afA'lnst the cou nt­
or distance rrom tt,a lunr top durinr- qllAsi-sta tic inspiration 
and at 1.5 lps. Differences of Mean ~r (alv)'between these flow 
rates aro sip,nificant (p<.01) for counter positions 5. 10, 25 
and )0 cm fram the top of the lung. Hiflher ~I did not slrnifi­
cantly chanlle ~r (alv) in Any lunr rerion from its 1.5 Ips value • 

\ 
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regLons wt're.lrss vf'nttlat@d than basal regLons, and as Ho", rate 

increased, ventila tiOIl distribution became more unUonn, al though 

th~re was considerable variability aDlOng the individual patterns of 

redis tribu tion. TInee Bub jects appea red to change continua lly vith 

flo .... rates, whereas three others showed maximal values at 10w flo", 

rates. Ventilation ratios dudng SF6 breathing .... ere either higher 

or not diffcrent from air values at comparable flow rates. 

Figure '21 summarizes the rcsults, and plots average (± SE) 

upppr to lowrr vpntllation ratios ag8inst inspiratory flow rate. Ouring 

quasi-statie inspirations (VI < 0.2 lps) the average apical respiratory 

unit received about .65 of the ventilation to the average basal unit. 

) 

l1is ratio increased with flow rates in a curvilinear manner, rapidly 

at first to .76 al 0.5 Ips, .81 at 1.0 lps and .88 at 1.5 Ips, and then 

more slowly to .90 and .93 at 3.0 and 4.5 lps, respectively. When VU/VL 

was caleu la ted in the same way, us ing only the uppermost (5 cm) and lower-

most (30 cm) regions, a simUar pattern was ohserved. Mean VU/VL for the 

same six VI values were .56, .65, .72, .80, .86 and .89. For 10 cm and 

2S cm regions, mean VU/VL were .73, .8S, .89, .94, .92 and .92. 

4. Oiscusslon 

Throughout these experiments, considerable care was taken to 

-
maintain the position of subjects constant relative to the scintillation 

eountf'r5, and the effeets of random count variatlons were minimLzed by 

uslng boli not less than 2 mCi. Despite these precautions. there ~s 

substantial var1abil1ty of Vr(alv) determinalions (Fig. 16, (7). Because 

th€ mf'thùdologic variations are large, interpretations are confined largely 

lo the meao rf'sults. 

g 
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INSPIRATORY FLOW (Ips) 

'/f!ntilation ratio (VU/VL) of avernp'e 11' (Illv) for the uIfper two rep'ions' 
(D ': 5 and 10 cm) to the averMe .~1' (alv) of the 10wel' two re",10n5 (0 = 
25 and 30 cm) plotted a~ninst. VI. .-. air; X----X SF6 • 
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FIG!JPf; 21 

1 1 1 

2 3 4 5 
INSPIRATORY FLOW (Lps) 

'.!eEln ± sr<: VU/VL for 7 5ubjects plotted 8posinst ~I. Seo text • 
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It la eatabllshed that reglonal alveolar fill1n8 15 deter-

mined by regional compliance durlng quasi-atatic inspirations from FRC 

(36, 107). The compliance dpterminrd ventilation of lung regions may 

be caleulated trom measure~nts of regional volumes durlng statie con-
, 

ditiotls (J07). 
: 

VU/VL = (100 - FRCu) 1 (100 - FRCL) (5) 

where FRCu and FRCL a re the regiona l volumes a t FRC of upper and lower 

zones rrspectively, each expressed as a percent of its rrgional volume, 

a t TLC. The mean regiona 1 FRC va lues for regions 7.5 and 27.5 cm from 

the lung top previously reported (107, Table 3) give a VU/VL value of 

0.64. InN the present study the vpntilatlon ratio for thp same upper 

and lower ,onps was 0.65 as determined trom the reglonal distribu,tion 

of 133Xe boH at Vl<.2 Ips (Fig .. 19, 20. It 15 theretore concluded 

that at these flow rates, the bolus technique measures the eompliance 

determined ventilation distribution, ~nd accordingly the compliance 
.. " 

ratio for these regions (CU/CL). i5 0.65. 

Itobe-rtson et al (134) observed that rapid inspiration altered 

\ 
bol~ trom the quasi-statie values by reducing the distribution of 133Xe 

basal concentrations and lncreasing concentrations in apical regions. 

At 0.3 Ips, VU/VL ranged from 0.50 to 0.77, but at about 4 Ips the 

ratio incr~ased to values b~tw~en 0.71 and 1.21. The present study 

(Fig. 10, 21) confirms and extends these observations, and demanstrates 

an interesting pattern of -redistribution. At 0.5 Ipi regional fi1lin8 
, 

i5 no lonR~r det~rmined by regional complianee alone. and this alteration 

{ncreases progresslv~ly to 1.5 lps. Howevcr, vith further incre.se in 

flov the distribution remains r~latively constant. This distribution 

pattern can be due to reRional difhrences of tilM constants or applied 

pressure. nle gcnf'ra 1 patteorn of redistribution in F1g. 21 c 10s .. 1y 

resf'mbles th .. theoretical re.panse of • two cQ~rtment lunl model havina 



-
à. Lung Nodd Studlf's". -To~ tbis similatity qUfln-

litatively, v~lucs for rf'glonal compll.allce and rcsistaflcC W:;;~J-­

and equation 10 o[ Pf'dlf'y f't al (122) loIas m~~I1[icd to solve for\he 

rcgiona 1 dlst r ibull ~.'ll appropria lf' to th<, prE'sf'nl exp('rfmcnta 1 candi t ions 

(s~e Appendix 1 Equation Il). Il ls 8s5um<'d that the IoIhotf' lung cnn be 

modrll('d as if it consist('d o( two raralld comparLmeDts, i.ef'.' tht' upper 

two and lOIolf'r two lung rcgions sludird. 

(l.) Cholce of Valllf'S. 

" 
• Th,.. pnd''itninary ('xpf'rimpnls demonstratcd that a bolu~ volume 

\ 

ç. 

of approxln~"lt('ly' '106 ,ml reached the first regfonal branch aCter 100 ml 
~ . 

",erc lnspired. Sinc<, VI was rap1dly attained and he,ld constant during 

bolus distd'butio'n, E'quation 13 15 solvrd for the Ume Interv.ll, t
l 

to 

, 
and t 2 = 2 t l • AccorJingly thls ~olution 

, 

g;veS the' uPl'ûr to lower diStribut-ion of th~second 100 ml of the in-
". 

spi ~a t(' (or cach Vi. , ... ;y • 

ry'.... • 
At v(''l!y 10101 VI (tl -. co )~. VU/V L equals CU/CL. Compli.1nc~ 

valucs of 0.098 <Cu) and 0.151 (CL) we~ chos('n, to ap~r{lximat/<: normal 

pulmo~ary co~liancp (.25 l/cm H20) as~wdl as the exp('r~~ntlll valùe 

of CU/CL (.65). Atl high VI (t 2 -. 0), \)U/VL approachcS/Ri/Ru. Macklem 

(tH) dcmonstrated r'hat for a step change in rr,~s-surc, rcgiotk11 t"('sist;tndes 

--8r(' not th<" only rrJl"'vnnl rcsistllnCf' to flow in p<lratlcl units bccause 

the (('Ialiv(' pressure Ilppli('d to the parall('d unils at any timi' ACter 

to is influf'tlccd hy the common r<'sistor «'.g., "itlol.1)' from mouth tà 

lobnr blonchi),. -l\owrvE'r, when--a ,SquAf<' wave of flow i5 APl}.lre 

common l'('ststor m('rely provld('s li constant pressure drcrp such that'the 

. 
". 

, 
o 
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pressure di (ference bf·tween loba r bronchi and pleura h adequate to 

ma1ntain constant Clow. In thls model, the common re~i8to\ docs not 
\ 

\ 
inf luence pa rallel di,stribut Ion, :nd RL/RU may bl' r.8t 1mB ted \frOm 

which shows that wi th incr('aslng VI J the mean VU/VL appronch~s a 
\ 

Fig. 21 

va lue 

bf'tween .9 and 1.0. Accordingly, the normal lowf'r pulmonary f'slstance 

at FRC of. .tr-€-m-ll~O/lp~ 04, 44, 157) was dlvlded cqually betw!cn the 

two r('gloO'S (RU =-- RL ::: 1.2 C~~1(2-07tCJ5.f.- Jo. prediction for non-linear 

1 
branchial P-V rriations was also calculatrd by al10wlng tegion 

sistances ta vary .ts tht' ~Quare root of flow rate and gas dcnsi 

" 
Nonl1n~arity of p-v charactrristics ls not exp('cted ta Influence the 

distribution over smalt voillme chan~f's (case 4, ref. 122). 

(2.) Comparison vith Results. 

AThe solutions to equatlon 9 for these values are plottf'd in 
. 

Fig. 22. When regional P-V rplations are- linear ventilation distribution 

changes from the static valut' as flow rate increases in n curv·llinear 

mnner quitl' slrllilar to the mean expf'rimf'ntal resul1 When reglonal 

reslstances increase with flow, the predicted curv,rmoves up and tt6"the 

left (as in case 2, reC. 122), w~ich 15 even closer to the experimenta1 

results. A four-fo1d increase in gas density moves the predicted line-

further upward, so that SF6 brf'athing l'it>uld cause a large redistribution 

of thr bolus at low flow rates (Fig. 23). This prediction is~conflrmed 

1 • .5 The allnear results were ohtained by substituting Ru 1 = Ku l(Vu 1) , . . 
into PQuation 7 of Pedlry et al. (122) and solving it by the Run~eMKutta 
method uslng the IBM system/360 Scientific Subroutlne RKGS on the MeGi1l 
University computer. The constant, Ku 1 were equivalent to the rinear 

• • t':l 
reslstance values for air at 1.0 lpsr and were increfsed by a factor of 
two tor 5'6- The subroutinf' RKGS ca C~l8tcd Vu and VI at 99 points in 
the bolus intrrval and the Ol)tput subroutlne calculated the' ratio of 
avern~~ rrgional flowa to ~lvJ the upper to lower ventilation rntio. 

" 

,;> • 
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-
vü/VL ploUed Iwa inst step VI npplied to lunll model~ consist-
lnf" ~f two par:all el compnrtments havinfl' dift'erent compllanoe 

... values (CU:: .098 I/em 1120, CL = .1.51 l/cm H20) ando the fo1-
lowinl? r9sistnnce vnlues 1 Lower cUr'O'es - Ru ~ R[, = 1.2 cm 
H;'O/lps and indepondent of VI; T!\\.ddle CUMe - as abov,e, but 

• 5 f 1 res lstanceg eq1.lAl 1.2 VI" 1 upper cnrve - Ru 11: 1.1 cm H20 Ips. 
RI, ,., 1.7 cm H20/1ps. Open circlos and ciashed Une indlcilte 
the 'rIIean experimontal results from Fir-ure 18. 
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INSPIRATORY FLOW (lps) 

VU/VL' of nonl \neA; lun~ model havlnp equ!ll resir.tances, plot­
tod ap;linst stap 'II of Air or Sr"6. The difference between 
t.~e CUMf9S t5 due ta thft increase in rOflional resist.nce VA-
1U05 durinf1 SF6 breathln~, whe'!'e, Ru e RL '= 2.4 ~r5 . 
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ln lubj@cta PD and JH and la nat contradictrd in SI and LW (Fig. 20) 

whose VU/VL ratios change at 8ueh low flow rates that lt 18 not dur 

wheth~r th~ ratios incrpasf' at low~r flow ratra on SF6 than on air. 

(3.) Assumptfpns and Limita t Ions. 

(a.) lnertf,q 18 negl1g1blf'. 1.ung gas accounls for 

mast of the musured pulmonary 1nfOrlance (.01 cm H20/1ps2) durlng active 

ventilation, and about 70l of this value i5 attrlbuted to gas ln thp 

extra thoraeic alrways (96). Sinc~ flow rat~s wrre constant during 

the distribution of the boli, in .. rtance ln tht> paraI leI pnthways must 

contributp nf'~l tglbly to rpRional Imppdance ta flow. 

(h.) Regional Ô P Values arc .. qual. Th .. obs{'rved re-

distribution of ventildtlon can be produccd by asynchrony of [pgional 

prf'ssure changp~ in th .. sens(' that pr,";sure appl ied to upper reRions 

(il Pu) lncr,_'a',r-smore ,-:Jpidly than that Applled to lower rc"dons C.\ Pl). 

These regiolla 1 pr('ssures do not lnc lude frictiona 1 or inert la 1 LO'lses 

in thp common pathway, and therefore contribute only a fraction of the 

change in transpulmonary pressurt~ (il PL) at higher flow rates, Accord-

i n~ ly, SIM Il di fff'tences in il PL between upper and lowt>r regions may rf.'f Lect 

largt> differpnces b.tween ~ Pu and il Pl. Using balloons placed at three 

If'vels in thE' intrathoraclc esophagus, Schilder et al (143) mE'8surcd ~ PL 

"'1 

during quiet brcathing and maxlrMl voluntjlry ventilation, and reported 

no systt>matic differcnce betwt>en lE'vels. This and othl'r studies (331' 67) 

do not_provide sufficient t'vidence to exclude small differenccs between 

A PL applird to upppr and lower rcgions. Preliminary r •• uLts of an 

aLtempt to inv('stigate thls question (spe below) dpmonstratc that A Pl 

('xccpdg ~ Pu at 4 Ips, suggpsting a forcE' opposing th(' observed re~is~ 

tribution of vpntilatlon at increaspd flov rate. 

, \ 
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• 
(c~) Lobar P-V and P-V Characterl.tlci are Egual. The 

dett>rllina tian of Vt\(a 1 v) in vertlca 1 lung reglons necesaarlly examines 

both upper and low .. r lobe. L. ft Il but the uppermo!lt (0 ... 5 cm) and lowf!r-

mo"t (0 ::.: 30 cm) coun,l .. rs (l22). Differences ln the preuure-volume 

ch"ractcrhtics of upprr and 10wH 10Les .. dst ln the dog (43, 48) and 

arc sugg('stf'd hy lndln-ct pxpf'rlmcnts ln IMn (6, 6!). Differences may 

also pXlsl bptween lobar resl~tnnces. Such dlfferpnces may cause the 

upper and low~r lobp~ in the samp vprtical sllcc to re~pond quitc differ-

. 
f'nlly to cbangps of VI> Tbis rMy Lp asspssed by comparing the VU/VL 

ratios [or ~rtical reKiolls conlainlng only uppf'r (n = 5 cm) and lower 

(0 := 30 cm) lobes with tht> corrcsponding VU/VL ratios from regions 

thought lu lnclude both lobps (0 = 10 and 25 cm). At flow rates < .2 

lps, tnp ratios (spp IPSU)tS) differ accordtng ta the difference in 

vprtical distancp, and arl' close to th .. values predicted from equation 5. 

Thp pattprns of lpdistribution with increasing ~1 are quite slmilar and 

hoth apppar to Ilpproach a hi~h flow aSyl'Qp~ole of about 1.0. Thus, 

possiblp di[f~rellces in the lobAr mechanical properties Arp not apparent 

in this study, indicating that pach compartment of the model may reason-

ably bp d~scribed by a sln~le Rand C value. 

(d.) Experimpntal Flow Patterns are Square Waves. ThP 

rxpprimpntal flow pattrrns depart~d sllghtly from the step incr~ase 

assumed in thl' mode1 (Fig. 15). Mathematical analysis of thE' effect-of 

lhis risp~time on vl'ntilation distribution in the model proved dtfflcult 
/' 

So an elictrical analogue of thr mod~l W89 constructed (see~ppcndix 2). 

Whcn a~slrp currcnt, analo~ous lo a step VI was ap~d-to the network, 

thf" parallf'l dbtribution (ollowed the linf'ar lMthematical model c1osely. 

- ' 

• 
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• When current wall a 11owf'd Inltlally to 1nllf'llsf' l1n~lIrly wlth time, 

ana l080U8 tu our volumf> accelHa lion of HO Ips2, CoIlowt·d by' a constant , 

(,.urrf'nt, thr distribution WRS nol detf'Clably diCf~r('nt from ft trut! step 

n·spollse. 

It ls thf'rrforf' concluded that th(' ob3cfved (('giona 1 dbtri-

butian of inspfrl'd ~Al'I lMy be l'xplafnfld by Ume l..on'itant diffrrRnces 

amonR paralt ... l pathways lo diff ... rcnt lunR rf'Rions having <'quaI non-l1nellr 

rl'glonai rl'SistiltlCf'S !\nd qnequal complianc('s. rWO 'illrpdsing conclusions 

aris(' dirnctly from thlo; intf'rpn~tlltion of our d(lta: t) that rf'gional 

rf'sistanc ... s an ('qUit l, and 2) that rf'~lona 1 V('lll i lat ion 15 influpnc,~d 

by rf'gional rf'sistanc(' at vf'ry low flow rau's. 

b. f'ql1~!~ .. ~..r Rf'gÎ.onnl Rf''Hstllncpq. Lower pulmonary ~esis-

lance has hren !,llown lo vary invf'r<)ely Wllh lung volume (14, 157). As 

reasonable to pxp('cl HU lo bf' ll'ss than RL (81, 122, 134). A quantitative 

prl'diction on this basis (Apppndix 2) gavE' values (or RU "" 1.1 cm B20/1pa 

Inf' ul'per qolid CUfV/' in Fig. 22 reprfoSf'nts the 

solution of f'quation 13 for thf"sE' values. Th(> prcdicted changl' in dis-

tdhulion considprably (,xCE'cds thf' f'xpf'rimf'ntal values above 0.5 lps. 

If r~Rional rf'sislanc('s arf' dppf'ndf'nt on regional expansion, what factors 

!My act ta tmintain the distribution ratio closer ta the quasi-statle 

value than prf'Jictf'd1 
r 

Introinsic ditfprf'nc('s of g/'omf'try (r.g. length, diameter, bron-

chomotor ton,.) ll\1\y causf' rf'sisll\nCc in upper f('gions to excced dependcnt 

airways resistnnct' Ilt ('quai rf'glonal cxp.lnsion. This possibility m{ght 

be explored by rcpeating the study ln supinl' subjects. Even if reAtoll,,1 

~f>omf'try 111 slmilar, rf'sfstance to upp('r n'glons may bp Incre8s(>d dlW 

to the change ln flow dirf'ctlon. The prf'ssurr 10S5 due to a bend ( Pb) 
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.y be elt1l11iltfOd Cro", th. equatlon of Welsbach, quoted by Rohrer (115): 

p V 2 
Pb = E 1 

2 R A
2 

3· 3 
where p is ga" denslty in grllm!l/cm. VI in cm lace, A la th" total 

2 2 
cross 8f'ction of Ilirways whf'rE' n-direction occurs in cm • g 18 980 cm/s'f!c • 

and E 1s an empirical (aclor t'qual to 0.2 for 90
0 

bends whf>n the daughter 

radius i9 one to two parent radii. From Weibel (159), pathways to uppt>r 

n'Rions bend about 900 relativf' to lower pltthways at generfltions 2 to 5 

(A:"-": 2.0 cm2). Accordingly, Pb valu('s art> .03, .27, and .6 f:1J\ H
2

0 at 

1.0, 3.0 and 4.5 l"s, TP!lppctlvely. ln effect the se values diminish the 

pressure driving flow to upper re!lions, and may account for rl'duetions of 

.157. and 20% From thp prt'dictpd VU/VL at 3.0 and 4.5 Ips. A third possibility 

is that intrapulmonary airWAYs are sufficiently distended at high inspira­

tory flo~ utes to ml.nil'hize thf' effeet of thp plpural pressurl' gradients 

on rdative regional r('slstances (134). Howevf'r, even at 4'.5 Ips, the 

dynamic transmura 1 pressure of these airways cannot exceed the statie 

va luf' by mort> than ) cm H20 when Rlp 15 0.6 cm "20/lps. This is unlikely 

to alter the relativf' distensions of reglona1 alrways slgnlficantly. 

As discussed above_ differenees in the dynamie prpssures applied 

to upper (ol Pu) and lower (6 pl) 1un~ l'CRions have not been ruled out. 

Assuming RU<HL as ln Fig. 22, the differt>nce in regional 6 P that would 

give the f'xperimf'ntal values in Fig. 21 may be ealcu1ated for high flow 

rates when regional ventilation 15 determined by regional resistance, e.g. 

. . 
Vu =: Pu/Ru. When VI '188 4.5 Ips, VU/VL ws .93,50 Pu is 2.4 cm "20 

(2.2 Ips x 1.1 cm H20/lps) ~nd Pl 15 3.9 cm "20 (2.3 Ips x 1.7 'cm H20/lps). 

Th\ls_ a 1.5 cm H20 difference in the regtons 1 ~ P may aecount for more 

than a 407. ff'duction in the v("ntllatlon ratio. At 1.5 and 3.0 Ip9, il P 

d lfff'rences of .6 and 1.1 cm "20 would give th; observed values of VU/VL 
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when reglona 1 r .. s1sta nCft! are df'pf'ndent on reglona l ,expans 10n. This 

posslbllHy wall tl'stE'd ln one subject. Two t'sophagelll balloons matched , 
for frequency respons(" charact('ristlcs Wf're positioned 28 and 39 cm 

(rom the nOSf!, anù thrir diff ... r('ntlal pressure liaS estimated by a Sanborn 

261B transducer. At FRe, prf'ssurt' ln the UppH bal100n W8s 2 cm "20 

more Ilf'p.ative than in th(' lowet balloon. During s('vf>rlll rapld inspirations 

t rom FRe, the lower ba lloon con'iistently rpcorded a grM ler Â P (mean 

. 
2.3 cm H20) than th(' uppf'r balloon when VI was 4 to 5 lps. No pressure 

difff~lf'nc(> was obs('rved during comparablf' in'spiratory efforts agsinst 

11 cl05pd ttirway. 

Occlusion of a lobar bronchus 15 associatf~d with a local 

incrp;\s(' in thr ('ff('clive Il P applied to that lobe durin~ ventilation 

(hl, 171). Zidulka et al (ln) suggested that with obstruction there 

t5 loc:d illl('r.1ction betwf'en tll(' chest wall and lung, resulting ln forces 
r. 

t('nding to expand the obstructed lobe. It may be argued that in the pre-!" 

sent exper:irncnt thf' lowcr lung r('gions arc relatively obstructed at high 

VI' in thf' Sf'nse that their rate of inflation relative to upper regions 

is slower than during compliancf' detf'rmined vE'ntilation (VI <.2 lps). 

lnasrnuch as th(' chest wall overlying upper and lowf'r reglons resists 

cla'stlc deformation, a ~r('ater A P wi 11 tend to devf'lop over depf"ndent 

zon{'s AS Vlf/VL inCrp8Sf'S w,ith VI' driving morE> flow to lower regtons 

than prcdtcl('d {or f'qual AP. Such a mechanism promotes compliance dcter-

mincd tillin~ of \ .. id(·ly s<,parat('d lung regions having different ttme 

constants ..,h(>n tilt' l'Mjor regiollal impf'danc~ is rcsistive. 'Ibis 15 ana-

logous lO the mechanical il1tf'rdfpendf'ncc of adjAcent lung s('~ments 

~ 
002, 10';). 

\ 

Thus. st'vera 1 mecha nisms may IlC t to dlmlnish th .. redis tribu-

tion of ventilation 8s floiot Incrf'Rsf"S. Whatcver the cause, the lung 
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does behave as 1 t thf' regiona l rf!slstnnc('! werp l'qu.'!l and were the 

pr incipa 1 determi nanta of rl'glona 1 dis t dilution of inspi r('d gas at 

C. Efft>cts of Restonsl RI?9~anC"s on Regional Vpntilatlon 

..!..!l.1Ior,mal SubJf'cts. ln most normal subjPcts, multiple bHatn nitro~en 

washouts do not chang€' wfth frequf>ncy (17,32) and dynamic pulmonary 

c011ll'1 iance (Cdyn) fa Ils by 1('55 than 207. of the stat ic Vd 1 ur (Cst) up 

4/..,,<to 70 brl'aths per min (81). Mpad (101). conc1uded tnal the pllrallel 

distribution of ventilation 1s (>ssenti~î~y determined by the elastic 

propertie5 of lung unlts in hE'althy subjpcts at rest and during exrrcise. 

The data pr('sented in this study indicatl'S that regional resistances 

do influence the distribution of in"pired gas at low flow rates. Are 

these findings and conclusions compatible? 

Otis et al (l15) considercd a singlE> pulmonary pathway to 

consiat of a volume elastic element having comp1iance, C, connected in 

series wi th a conducting part having res istance, R. When a s Inusolda 1 

pressure of frequency, f, and amplitude, Pm, ls applied across this model. 

the resultlng volume change (VT ) Is detcrmined by the impedance (Z). As 

frequf'ncy approaches zero. pa~hway Impedance approaches Ile. and, at the 

other cxtrf'me (f-.. co), impE"dance is due only to resistancc. When two 

or morl" units with f'qual lime constants are connected in parallt'l, thelr 

impedancrs chanRe proportlonstelv as frcquency lncresses. Th .. behaviour 

of this system may hl' duplicated by a single equivalent reslstance (Re)' 

and compliance (Ce)' If the parallt'l lime constants are unt'qual, pathway 

Impedances do not changE" proportlonatrly and a dtfferent value for Re 

and Ce ls rf'quir .. d at cach frequency. As frequency IncrE'ases, Ce de-

cresses associntpd with a n'ductton in the tidal volum., ol the long Re 

unit (s). 

\ 

J 

. ' 
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Th. tidal volumf' ratio of th .. COlllpartmentS!My be calculated 

Cro .. f'quatlon'S 6 and 7 of Otis et al (115). 

+ 1 + 1 

wh(!rr Izl la th .. Vf'ctor Impedance and w 15 the Iln~Ulllr velocity f'qui-

va 1 t'nt ta 2 If" f. The corrpspond 1 ng va 1 uc 'for Cdyn rMy ht" obta 1ncd from 

their equation 13. Thp valups of Rand C from our l1nPBr model were 

" , 
chospn to cxamlnr thf' gravlty drpendent asynchrony between upper and 

lower lung rCRions durlng sinusoidal breathlng. Figure 24 plots the 

resulls (ca~p 1) liS the [ractional chang ... from th .. static value (f ::: 0) 

as frequency increast's. At 100 bre:tths pf'r minute (bpm) Cdyn has fallen 

',~ 

. by )%, wh.>reas the changE' in ventilation ratio is tcn times grellter. 

Whpn the total sinusoidal volump change was 500 ml, the relative dis-

tribution of thE' second 100 ml inspired from FRC (dotted 11ne) represpnts 

the hypothetical rt'gional distribution of a 133Xe bolus administered at 

FRC.
2 

Its distribution ia rnuch more frpquency dependent than the whole 

tidal volump, and this effect may bl" ma~nUied by an earl1er bolus 

injection. This emphaslzes the increased sensitivity ta RC discrepanciea 

of a test which labels a slMII part of the early inspirate. Furthermore 

the effl"cts of frl'quency on intrapulmonary distribution of ventilation 

2 
This curve WBS computed from the flow-time plltter·ns calculated for each 

compartml"nt in casE' 1 from IMnipulation of equations given in Otis et al 
(1lS). TIll' time intl'rval for the second 100 ml insplred wes rlivided into 
tpn f'qua 1 pf'riods, the instant;8neous flow ratio (Vl/V2) wes calculated 
for f'Ach, and the average VI/V2 approx1mates thf' ventilation ratio • 
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fhe ch~n~e in relative tidal volumes (VTt/V'!2) of two com­
partments of simple lun~ models (left ordinattt) compared 1 

with the correspondtng ch/lnJ~e in cO'TIpliance (C dyn) of the 
model (riv,ht ominato), plotted aralnst sinusoiàal braath­
inp' frequency (;tbsc.lssa). Both ord\n:tta values are ex­
oressoo an fraction 'of static value (f = 0). Th.} m9chani­
cnl prôperÜ*"s pf the twa 'IIIOdeh i11ust~~lted al'a AS,) follo'Ws 1 

---- Case t - Ru = RI. = 1,2 CM H20/1ps; Cu = ,1 and CL :: 
.15 11 cm H20 

-- CaSA? - Ru = .2 and Rt = .8 cm H20/1pSJ Co :-: Cr. = .1 
l/cm H20 

Thé dotted l tne l"epresents the calculated dlstributton of 
the socond 100 ml lnsplred from l"Re durinf!' s\.nu<roid,l' brflath .. 
lnp: ln Case 1. 
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a • •• seSSf·d by multiplt' IIfPath wA.hout wUl be obacut"f'd by prplerentta 1 

di.tribution of the comman d,.Ad space to th,. short timp constant unltl 

and pendpl1ult (111, 141). Nf'~l('ct1nR thes(' factors, th,. dffferences 

in turnover rlltf' bptwf'cn comparr.mf'nts must exceed 307. before nltrogen 

clearance techntqups dclpct a dtfCprpnce (111). Il Co11ows thAt frequpncy 

lndepcndpncf' of Cdyn or nitrogf>n washout does nol cxclud(' changcs in the 

rcgional diRtrlhution of fnspirpd gas. 

This fa ('Qually lrup for tntrarf>gional distribution among 

p('ripheral lung units having diffen'nt time constants. Macklem and 

Mpad (82) pointd_out that ln thl' normal lunp" the rcsistance of peri-

pheral pathways Ig low, 50 that elastic Impedance predomlnc.ltes at hlgh 

b,reathing frf'quenc!('s l'ven in the pn~s .. ncc of four-fold time constant 

dlscrepanc1f.'S. Woolcock et al (166) a'S5umf'd that Gdyn of nonnal lungs 

19 ind('p'endent of frequency, and estlmatf.'d that a 207. fa1l from the 

'.,statie value is a detf'ctable abnorma1ity by th .. prf'sf'nt technique of 
,\-

Cdy~ meAsurement. CasE' 2 of Fig. 24 illustrates for such periphera1 

units (R 2C2 = 4 RlCl) that although Cdyn decreases by only 77. at 100 

bpm, the vE'ntilation ratio cpangps by 30~. Whf'n R2 WBS increased (R 2C2 = 

10 RlC I ) 80 that a dE'teetablp f811 in êdyn was ob5erved _~2_~'t ~~~ __ ~P_rn~' _______ _ 

thE' ventilation ratio chl\nged by 100'%.. It 15 therefort> lmplicit ln the 

analysis of Otis et al (115), thou~h p~rhaps not generally reco~nizpdt 

that ventilation distribution mRy be Quite freQuency dependent when 

Cdyn is not. As li result, tll(' intrapulmonary distribution of 1nspired 

gas 18 influrnced by rE'gional rpsistances in nor~l subjccts at rf>st 

and during cx('r~lsp. 1 f th!s 15 true. thf' test for frequency depf'ndt'nee 

of Cdyn may br partlcularly ust>ful ln dctccting abnormalities of peri-

pheral reslstanc .. because it ig in5ensitive to the e~feèta of normal 

timp constant variations. For ('xample, the vertical difference ln 
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r~8ional time con.t~n~. (RLCL ~ 1.5 RUeU) reaponaLble for the change 

in ventilation distribution ob.~rved in thi. studr causes only a 71 
'. J fa11 In Cdyn a. throrctlcal breath1~8 freq~ency approachrs Inflnlty~ 

'\ 

Th" results of slmilar calculatlons (Figl 25) show that RC dlfferénces 

must 4'xc.eed a factor of 2.5 to 3.0 bf'fore Cdyn falls abnorlMlly. There-

fore, th~ wi~ely he~~ concept'that normal lungs behave 9ynchronously so 

that vrntl1ation distribution ls uninflu~nced by fr~quency i8 no longer 

tenable. As a corollary of thls cone lu910n, thè forces of interdepen-

dence among lung unLts must operate eont'f.nuously in norlMl subjects. 
~ 

As l-tliscussed,' the proportion .of slnusoidal ventilation dis-

tributed to parai leI units having dif~erent time constants changes when 
L 

patoway resistancc contributes. slgniflcant;ly to pathway Impedance. A 

step change in flow causes Impedance to shlft from purely resistive at 

3 
Accordlng to ptis et al (115), the dynamic. compliance of a two com-

partment lung model as frequency of .inuBold.l oscillation appro.ches 
infinity i~ given by the equation: 

u~im Cdyn, ~ (R2C2Cl + RlCIC2)2 
w-oo -~ 2 2 

(RlCt) C2 + (R2F2) Cl 

1~-~RzCz =~r ~s equation c~n be solved for the folloving two 
, condit10ns. 

Cl = C2, .~ RI == x R2 2 
then Cdyn = Cl (1 + x) 
and Cdyn/Cst "" Cl + x)2 

As the time constant ratio increa ses, 
va lue. 

0,) Rl ='R2, 50 C2 = xCI 
th~n Cdyn = (4 x Cl)/(l + x) 
and Cdyn/Cst = 4 x/Cl + x)2 

Cdyn 

As th .. t{mf' constant ratio tncrE'ase, Cdyn 

approaches 50t of the stat le 
"" 

'-"/ 

approaches zero. 
t) 

, 

; . 
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Ol"'Hnate 1 • Cal'cnlAtod d,\'naT1Üè compl iance of a two compnrtmtmt 
lunp model a,t infini te cyélinp' fr~qIlE'lncy. expresseO as a frac­
tion of stat~c complinnce (~lyn/Cst)_ Abscissal Ra~io of ti~e. 
constants of the,two co~pnrt",ents (RtGt/R2C2). '. t. 

''1 lo'or a p.lvèn Re dIffal"enc9, Cdyn \5 _",ore frequency depan-
dent when th-e 'di {'forence ts dut'! to compliAnce O,ower curve) 
thart to resl'5tAnce (uppor curvo)., To MU<;P' a 20';b reduct\on 
ln Cdyn, RICt/R2~2 must be 2.5 to 3.0 even At infinlte rre-

<-
q\tency, 
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t "'" 0 to pUrf·ly f'lastic a fraction of a ~f'cOT\d latf'r. The distribution 

of • tracer dpllverrd durlng thr transipnt d'ffrrs considernbly fro~ 
, 

lts distribution nft('r th(' transif>nl, and 19 thereforc Il very sensitive 

Indicator of ~ldlf' conqtant dLscrrpnnc\lf's, Young f.'t al (L70) OhSf"rvf'd 

oscillations of nitrORf'n Ilnd CO2 conCf.ntrat1on~ prorluced in thf' cX'plrate 

by normal <;\lhjl'cts who voluntar1.ly vadf'd expiratory flow rntf" fo1101o1lng 

a tldlll inspiration of oxy~rn. B"clluse the impased flQw Ilsei!lat[ons 

clld not l''xcf'ed 100 ml/src. t~f'Y n'asonf'd that regLanal resistances could~ 

not be respons lb le for th(> va ria tians in ('mpty ing s('qu('nce bt l\1ng uni. ts 

with f10w rAtf'. As nn al ternfltlvp to th .. lime constant f'xplanation of 

Otis f't l'lI (115). thp)\ propoSE'd An C'xplllnation .1150 basrd on a meehanic\tl 
..,-,J 

t wo-compa r tm('o t mode 1 b:l v f OR d ft f f' fl'n t prf'SSU ni vo 1 ume ChA ract cr i st ies 

- v 

/lnd f'qtl.d rf'si~ti\ncf's. From th" l'quation of motion of the 11l1lgS, they 

derlv.d a dif[erpntial rquRtion expressing the relative volum~ changes 

of th(' two comparrmf>nts ilS a functionlt>f ovrrall flow rate. Graphical 

solution of this equation for small np101 oscillations del'l'lOnstrated tran-

( 

slent variations in ~mptying sequener whlch simulated the observed 

oscillations of expir~d 8as tpnsion.- It can be shown' that thls difter-

ential ~xprpssion 15 identical to f'quatlon 7 of Pedley et al (122), 

" 
and acco~\lngly Us solution 15 ld('ntical to pquation 13 used ln thls< 

study to (>~~ resuits 

t-· ~ 

,1 
by timt> c~nstant Jiscrepancics'r 

, , l 

Thus. tlow oscillations caus.- Il translent depart.~le from the 

elastic equtlibriuTII of Jung uoits having different mf'chaoical time 

" constants. Thp dllration of the trans{pnt Is determined by the mechanical 

propf'rtif's of trf' unit!!, 50 th .. amplitude of thE' lmposed fldw chang(' only 
. 

1 

"'\ ~oft .rmi nf'S 
1 

thr amount of gas distrlbuted during the translent. Even 

srnh 1 chanf(('s in no", " "" ~ caus!' rf'adlly detectable altf'rl~"hYfr~ in veotllntLon 

distribution if ln appropriatf' -tr.ee,r ts d~str1buted dudoS the transient. 
1 

l 
1 

) 
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Ont' .uch t'xampl .. 18 tht· transi('nt flo\l oscUlations imposed on the 

lung by th .. beating lU~8rt (163). The rf'sulUng asynchronous emptying 

of periphf'rlll lunp, unit! havlng dlfferf'nt Ume con-stnnts (82) and gas 

concentratioi\s (149) !My producf' the cardiogf'llic oscillations in p,as 

conCf>ntratlolls observf'd ill th ... l'xpirate trom lung lobes and segment'J 

(H, I~O, 1(8). nl1s distinction bt't"'t'I'n contlt1llous and discontlnuous 

flow-tlmp proltles may rxpl<lln t1H' incrC8spd uneveness of vf'ntilation 

observl'd ",hf'n norrMI subjccts doubled their inspiratory ilow rate , 

whll(' kf'eping tidal volumf' and frcquellcy constant during multlpl .. 

, 
'-....., 

bnath nitroRt'11 w;tc;hout (169), in contrast to other studies (17,32) 

which dpmonslratrd no changp in vf'ntilation distribution when brpalhing 

frpqurncy "'ilS incrf'8sed. 

Thf' rc'lults in this study support this explanation for step 

incn-asps in inspi ratory flo\l. This flow pattprn was chosen ta minimize 

inertial etfects and variations of fla", rate during the bolus d!stri-

bution, but i.t is not il physiologie breathing pattern in man except 

during exercisp. Ouring quipt breathing the time course of early in-

spiratory flo", more closely rpsembles a ramp starting from an end 

pxpiratory pàusp. When a ramp ctlrrt'nt lrI8S applied to th ... elrctronic 

analogue, distribution departed pven further from the eompliance-detef-

mined valuf'·at 10'" flo\l rates (.2 to 1.5 Ips), than dudng application 

of a step currpnt. The equation lor a ramp increase ln flo\l 15 derived 

in Apppndix .1, and solution of (>quation 20 for VU/VL showed a slmllar 

shift of the bolus toward lIppf>r rt'Rions as during step flow (fiR. 26). 

For 10\1 flow rates, dlstrihuti~n Is t'ven more flow sensitive durlng ... 
t"amp f low, Lndicat ~g that thp obsf>rvations ln Hg. 21 can reasonà.bly 

he ext~nded to most phy!lolo~ic breathlng patterns. This 1. supported 
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VU/VL of linear Mqdel, apalnst VI applied as a stap' '(lower 
C\rrve) and as a raMp (uPTler eurve), showlng that the rep.1on­
al distribution of ventilation 1s even more sensitive t()..~ 
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by th€' almillrity of thr ... n'sults to thost' oC Robertson ('t al {l3'd, 

whose llow ratr8 lncr~asrd durlnR bolus distribution. 

Somt> pr~dictlon9 from this model exposed to rAmp flow ar~ 

pres('ntf'd in F{~. 27. Thr common dN\d space (lat 100 ml) npprars to be 

almost f'qllally dlstrihuted at tlow IIl14'9 as low as 0.5 Ips. Onp con-

Sf'quf'nce {q tont .. hort RC untts will lnsplrf' a p,r('ater proportion ot 

thf' commOIl d,-ad 'lpdCP durlng n>sUng ventilation chan wOllld be ('xpl'cted 

trom their c()mpl iancl'. Larger inspirl'd voIuma.s are If'sS fnflupnced by 

[low rate and only approach an f'quai rCRional vpntilatlnn aboyc 5.0 Ips. 

This chanpl' in tlrJ.tl VPllt !latton distrihution l'xplains Lhl' ObSl'Tvations 

ot Bryan rt al (21) tha.,t ventilation ppr unit volume became uniform in 

) 
exprcising subJpcts. Finally, densp gas breathing, as'in hyprrbaric 

pnvironmf'nl5, Ill! t considprably altE'r thr intrnpulmonary distribution 

of vl'ntil,tion (Flg.~3). 

5. Su~ry and Conclusions 

Thl',rE'glonal distribution of the second 100 ml of g8S insp!red 

trom FRC by sitting subjE'cts WBS measured at flow rates (VI) of .1 to 

. 
4.'> lps. At VI < .2 Ips, dep~ndent lung regions were bett~r ventilatpd 

- '. than sliperior rep,ions in accord with thp vI'Ttic.al-p,Tadicnt 4>f 111ng 
\'-. ' 

compi ianc C'. As VI incr p8sed, tht> lctbf'lled inspirate W3s progrC'sslvf'ly 
\ 

rrdirect ... d tow,lrù upper lunR regions until a11 reglons werp about f'qua11y 

vt'ntilAtt'd at 1.5 ipso FurthE'T increas~~ in VI caused Uttlr further 

change in rt'htive regionsl ventilation. This pattern of change in . -

r<'Rional vpntllat10n closf'ly reSf'mblf'd the dlstribution of now in ft 

) 
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" 
F'lf.,LJRE 21 

1 
\, ' 

5 1 

/ 2 3 
INSPIRATORY ,FLOW (L.ps) 

.0 
"uNI.. apainst ramp vI for linea1" model. Upper c\\fve repre­
sent::; dptld Spacf' di!1tribut1on. ~ddle curve is 1 nXe bolus 
di:~trlblltion. Lowèr curV'e ls'Uà'Jl volume di5t~ibution (see 
text). . 
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~ 

slmplf! lung modf'l conslstinR ot two paraIt .. l compArtm~nt9 havlng 

different compllancf's and ':qual non-l1near resistancf'S. 

It f5 then·forr <..oncluded that regional time constant 

differrncps Are lPsponslblc for thp obsprved change in distribution 

of in,pirpd gas wlth (low rate. Accordingly, the lung b~haves as if 

rcgional rcsf~tanccs wprp rqual and 50 indeppndent of rrgional ex-

pansion. If rrldonal rcslstancf!s arf> lnvf'rsf'ly related to reglonal 

volume, th .. ~bsf'nct! of greatrr apical than basal ventilation at high 

VI may be due, amollg other explanations, lO a greater dynamic A P 

applied to the long tlm. constant (low.r) rpglon. ( 

greater pressure may be RPoerated by the interdepen-This 

dence ~etwecn lung and chest wa Il, such that Il departure from the 

slatic eIJ-sUc equi l1brium of lung regions id opposed. In sp1tE> of 

forces promet Ing e lastic equi librium, these r'egu 1 ts indica te tha t 

, 

regional resistances influence intrapulmonary distribution of insplred 

gas during quicf breathing in healthy subjE>cts. This ws not recognlzed 

prrviously hecause other tests of ventilation distribution e.g. frequency 

depend~ncc of dynamic compllance and nltrogen washout, are less sensitive 
• 

indicators of timr constant d~screpancies. 

' . 

o 
.. 

, 1 
1 
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o. Tlu' Influf'ncf' of Rf'gtolll~l Gonct'ntral1on IHffen'nces 

on the f;:xpfrcd ConCf'ntratlol1 V'I Volumf' /{(·lationshlp. 

1. 1 nl rodllc fIon 

A considprablf' body of ('vlde\l(.c 'luJ(gf'sts that Airways in de-

pf'ndf'nt lung rf'J(iolls closp at low tun~ votumt> (2, 26. 36, 107, 152). 
( 

Wllf'l~ pn'-cxplratory concentrations of' a t.raCl'f gas difff'r betwef'n 
'~, 

SUPf'rio~~'!.sal Lun~ tf'~ion9, the lung volumf' at which airways 

- "'----
closl' rMy bt> dl'tt>cted hy a changp in thp expirf'd Ras concentration 

, ,1 

(2. 26. 36, 47. 129). Dpsp1t1' II grNlt df'sl of fnvpstigation into the 

ml'chanis~underlyinR "airways cLo.,urp" And it., detection by single 

breâth techniquf's. little information Is available regarding the In-

'1"' 
flul'nLP ot regional concentration differencl'S upon the detection of 

"cl Oc; i ng Va 1 umé". 

Ta InvpstlRate this question, a rangt> of post-lnJplratory " 

r('g~ona concent ra tians we rf' produced by va ryinR th#' flow 

133 
whl Xe boll were inhaled, and the subsequent pxpired 

/ 

tion-volump records wert> examined. 

2. Mpthods 

rate a t 

concent ra-

As dl'scrlbrd in thf' preceding Sf'ctlon. labelled boll were 

133 
J inhaled 1rom FRC lit varioug constant flow ratf's, and Xe concentration 

• 1 

( 1 :t 

ws m('nslIred ln six vC'rllc<l1 lun~ regtons duringl.,3 ~reath hold at total 

lung capacity. Thp subjf'cts thrn expired to ~sidual volume (RV) through 

an orificE' (d == 3 1TIIl, 1 =- 18 mm) at virtuII11y constant low flow rates 

« .25 Ips) iott) ft splromt'tcr (Fig. 13). Explrf'd IJ3Xe ' count t'Il te "wss 

.' 
cOlltinuously monttorl'd by a shic1ded scintillation counter mount('d 

over a plast le cuvette and connccted to ft digits l' rate meter. The cuvette 
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was 2.S cm 'rom lh" mouthplf'CI~ and had Il wa.hout voluflM' of 250 ml. 

nIf' output of lhf' rate mf'trf> drove tllt! ordinalf' of An x-y recordl·r 

and the signnl trom Il pOlf'nl1omf'tpr on thf> splronlpter drove th .. 

absci'isa. ln Ihls wrAy, Il plot ol f'xpin'd count rate IIgainst explr{'d 

volumf' WS ohtaLllf'd for .·ach 13JXe bolus Inhal(·d by th .. S('vpn subJf'cts. 

A linf' of visual bf'!ol fit WIlS drawn through the 'alveolar pl;l::"IlU' of 

N'ch curvf', and llu' llln~ volumf' (7. VC) nt which thf> expired count 

rau' droppl'd hf'low tlH' platpau (phasf' IV) was dt:'tf'rminf'd. In addition, 

thl' rOllnl ralf' al [f'sidl4\1 vJ)lume WilS f.'xpn·'iSf'd as a fraction of the 

counts al mid f'XplrAlion, p.R. f'xpired count r.al" (RV/.5VC). 

3. Rpsull S 

TIH' [f'latlon'lIlip bptwPf'n f'xplred conct:'ntration and volume 

WllS rf>cordf>d for 99 133Xf> boll inhalpd by seVf'n subjects. The Alveol.ar 

platt'aux Wf'rf' (",<jcnlia Il,Y horizolltal abovt' 257. VC (Fig. 28). At lower 

lung volumr-s. tht'rp W8S Il downward slope in forty~four of the records, and 

tht' corrt:'sponding upper to l-ower concentration ratio (U/L) was less than 

0.8 in fort y ot thpsf'. 11)1' ratio, U/L, 'las leu than .8 in only eleven 

of the rpmAining records, w~h showpd no change ln slope and consequently 

h.\\d no dplpctllblt, Phase IV (Fig. 2~ lowf'r panep. When U/L watt small, 

Pltplrt:'d count taU's at RV wptp mu,h less than at 50'7. VC and Phase IV 

W8S detectcd at ahout 2Y~ VC. At highf.'r values of U/L, the explred 

COllnt ratp rat io (RV/. SYe) incrrtlspd and PhAse I~ ,t-s detected at a 
\ 

10w(>r 1unlt volume. The formt'r trl'lld was signi,.ff.ç:aht in illl sublects 

(Fig. 29), givillR a l't'near rf'gt:pssion for th .. pntire group ( r = .71, 

p < .ool)~ 

fxpirf'd count rate ratio (av/.SVe) .• 38 \IlL + .61 • 

Th .. t'f'lationship hf'twf'('n Phase IV (t VC) and U/L """ si8nificant 1'n f1ve 

r 
\ 

\ 
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Mouth count rat(' vs lung voluml', rt'cordt!d durinli\ three vital capacity 

up.{rations in subJl'ct .rH. l'hl:' insHt. U/L. dt'Tlotes pre-cxpiratory 

, ratio of 13)Xe C('IK l'nt, ra t Ions ln two uppermost ta two lawermost rfORions. 

(For discussion, s('~ t('xt). ' 
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of the arven lubJect. (Fig. 10). Accordlng to th~ lin~8r r.~resslon 

f'quatlon (r '" .60, p < .001) 

POUf' IV (i.Ve) 

Phase IV "'BR dt'tt'ctf'd for All slIbjrcls nt 24% VC wllI'rI lowcr rp~lonl11 

concf'ntratlol'j were lwic(' tho'lP in upper n-stons (U/L -: .r;) and W:ls 

vi l'tua t ly %ero wh"tl U/L was one. 

I~. Discuss ion 

Followlng a s1nglf' brpllth ot forf'ign gas, the l'xpinlte ex-

~ 

hibits an abrupt change in concentration (Phase IV) as lung volume 

approaches RV (36, 47, \29). In upright subjf'cts, radioactivp gali 

tl'chniquf's dpmonstr.1ted preff'rf'ntia1 vpntilation of apical regions 

by gas Inspired (rom RV 06, 107, 152). Ouring the subsequent f'xpiration, 

the end expirpd gas reSf'mbled the post-inspira tory concentration in apical 

rpgions. Whf'rpa9 Lonc~ntrations in mid expiration werc similar to post 

inspiratory concentrations ln middle lung rf'glon's (2, 134). Slmilar 

methods demonstl'ated for invl'rted and lateral body positions tltat upper 

'. 
lunR rl'gions wrrl' prefel'entially ~entilated and contl'ibuted a substantial 

proportion, of the terminal expirat(' in several different body positions 

(2). Accol"din~ly, Phasl" IV may be explained by gravit y dependent "8Ir-

ways closure" in basal lung rf'gions in thi' presence of apex to base 

eoncpntration differences • 
• 

In thls study, post-insplratory regional concentration changed 

as a lunetfon of insplratory flow rate. During the subsequent expiration, 

the methanlsms c8uslRg dcpendent alrways to close wero presum~bly Identical 

in a givi'n 8ubJect. Thu!' the changes· obsf'rved in Phase IV (7.VC) must be 

due to the a.sociatpd chan~e in regtona 1 concentration unles8 the in-

spiratory flow rate altf'red som~ other factortcontributing to the expired 

curvPI. Hartin et al (89) reported évidence lusselting that inttaregion.l 
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ventilatlon distrlbution dlfff'red b('twrl'n slow and rapld inspiratj0n. 

To th .. l''xtf>nt that sf'qurntia 1 f>mptying of intrarc~iona l un~t9 having 

dlffrrent concentrations contribut(' ta Phase IV, the r~sult!i in Figure 
\ 1 

1 

30 may not br dur to chan~rs in n'glonal concrntration /l10n('. TIlla 18 

un1ikrly in At trAst threr ~ubJ~cts (JH, LW, AZ), Whl"TC thr steep slope 

rclatlng pxp1red count ratl' r/ltio (RV/.5VC) and post-inspiratory con! 

centration ratio indicates tb,lt apical .e~lons cor'ltrihute a greater 

proportion of ('ncl cxp1ralory gas fo11owlng ail Inspira tory flow rat('s. 

Accord1ngly, regional concentration d1fferences likely account for the 

terminal portion of the pxpirl"d curves. It Is concluded that although 

depf'ndent alrways close nt. the samt' lung volume, the "closing volume" 

a~ detrcted by Phase IV (7.VC) varlrs syste~~cally according to the 

apex to base conc~ntration differences. 

by th~ 1JJXr tpchniqup wh~n apical and 

less than A tactor of 1.25 (VIL = .8). 
. 

detected at,:. 247. for the entire group. 

Airways closure goes undetected 

basal concentrations dltfer by 

At a factor of 2, Phase IV 1" 
,... 

Though not tcsted in this study. 

higherconcentrat10n differences are prt'sumably associated ",1th no 

further 1ncreas€.' in Phase IV, since th!'s value ls the upper limit of 

norma 1 for "closing volume" for this age gro\1p. 

Thesf' finding, rnây atfect thE' determlnation of "closing volume" 

by each o~ .the two et.0n techn1ques and their variations. Wheya bolus, 

of indicato'r gas 1s nspired slowly «.3 Ip,) from RV, apical eoncen-

trations €'xceeded t~ose at the .. luitS base by a factor of Cive to ten 

(2, 36, 108, 134). }o;'ollowing maximal inspiratory flow rates, thh 

difference becomes ~:1 or It'59, and Phase ,IV On the subsequent explred 

platf.'8ux are apparent only at II lower lung volume if at 811 (2). ln 

one aubj€'ct ,,,,h~ weI studied at , .. veral flo" rates (2), e~!.hti.lly 1"11 

.. 

, . 

J 
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J' 

of the concentration changp. had occurr~d by 1.7 1ps, and no"flov­
r 

rates vere Itudled belvp.en .3 and 1.7 1pl. Accordlngly, ap~x to 

base rat LOI less than 2:1 may occur in subJects whpre inspiratory 

\ tlow rlltf> cxceeds .3 lps. Similar redu<.tlons ln verticAl concen-

tution d1!fercnc('s occur n'adlly vith thh technLque wht'n t,he 
ft 

pre-tnspiratoTY lung volume ls much Rreater than RV (J6). To the extent 

that small regiona1 concentration dLff"renc~'Cl~sing volume" 

may be underestimated. 

The spcond, or "resident gas", technique measures expired 

nitrogen concentration following a vital capacity inspiration of 

oxygen. Thp rpgiqnal nitrogpn fraction may be estimated from the 

tE'giona 1 RV (RV r) expressed as a fraction of the regiona 1 TLC (TLCr ). 

According to Milic-~mili et al (107), 

R Vr/TLCr = .38 - .89 0 

where 0 ia the distance (cm) from 1ung top. When corrected for the 

nitrogen fractlon ln the resident gas (.79), the solution of this 

eQUAtion for reglons 7.5 and 27.5 cms from the lung top l~~ Al veolar 

nitrogen fract ions of .32 (upper) and .15 (lover), hence a 2:l con-

centration gradlt'nt. It shoJ.lld be noted tha t this 15 a mesn gjdlent, 

and four of nlne subJects in thelr study (107) had apex/base ratios 

1ess than thls mean va lue, thus fa I11ng in the range vhere Phase IV 

(tvC) undcrestimates the volum~ at whlch lirweys close. Even ... ller 
'" 

concentration differencel exlst folloving lnspiratory capacity breathl 

of 02. when aplcal nltrogen concentrations ca~culated from the mean 
l 

regresslon relating FRCr/TLCr to D averaged 1.68 x basal concentration 

(107). Although luch relldent 8al techniques give ana1ler dlff.rence • 

in regtonal cOftcentration, the.e dlfferences are not altered by vari,.' 

atlons in pre-in.plrltory lung volume or flov rite. 

• 

" 



• 

• 

175 

Oravlty dependpnt 8 p qupntlal ~mptylng of vertical 1ung 

r(lgiona cAuaed an upward Ilope of Phas(I III when uppl'r concentrations 

were about tpn tlmrs grpat~r than those in lower lung reglons (2, 26). 

The horizontal PhaSf' iII observed in thp present study lMy bp explAined 

, 
if rpgional pmptying 19 not IPqul'ntial l'nough to cause IL !lign1flcant 

slorp of Phasp III wh(ln the concpntration rAtio Is 2:1 (spe Figurp 2R).· 

Since this ratio 15 not lars~pr followinR a brNlth of oxygen,. the upward 

slope of thp rf'sident Ras techniquE' is probably due to 5equ('ntlal f'mpty-

Ing of intrarP~ional lung units havlng different concentrations •. To thp 

• 
exlf'nt that alw'oU are of t'qua,l sizp. at TLC, there must he an intr.liI ~~ional 

<). ran~e of alvpolar size (Vo) at FRC. TIds has bt'en obscrved ln do~s (132), 

\ 
and rMy be ff'latE'd to a corrl'sponding range of stress-atrai'n <..haracteristics , 

observed among individual alvpolar walls obtai~d from small lung spgments 

(52, ,150, hU. Such mpasurC'ml'nts ln th(' hUrMn lung (151) indicated that 

unlts with high"Vo are lE'ss distt'nslblé, hence leu ventllatl'd (4V), than 

the more compliant units with low Vo. These'P - V difference!r are identlca1 

to regiohal differences attributed to the plE'ural pressure gradient (107), 

so both models may e'xpla in the 510pinS Phase 111 when low 4 VIVo units con-

tributp a gneater proportion of the expiri\te ilS 1ung volume decreases. If 

intrar~gional units are responsible fo~ a sloping H2 plateau in conditions 

where rrgional concentration differ by a factor of 2, either the concentration 

dffff'rpnce or the amount of sequential t"mptying with..ln ,mall lung regions 

must exceed that between vertical lung regtons. ln this light, the hori-

zontAl Phast' III in this study aiso indtcates that Intrareglonal compliances 

are equa 1 a t F RC • 

1 
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.5. SUmrMry And Conclu'slons 

Seven h~althy aubjecta inhalrd 133Xe boli Crom FRC at various 

flow rates, and IJ3Xe concentration in vert1t.al lung regfons was me8sured 

at TI.C. Tht> ratio (U/I.) betw~en concentratioO'i in upper and lower n'Rions 

rang ... d Crom O./~ to 1.2. For U/L<.5, the expir(>d count rate ws constant 

from 90% to about 25% VC whrrr it decreased abruptly (Pha9(> IV) to values 

at RV much Irss than at mid expiration (.5 VC). As UII. incrcas(>d, thp 

expir(',d count rat~ ratio (RV/.5 VC) in'cCf!ased and Phase IV (7.VC) dccrcas«!d 

according to thr rplationships: 
~} 

• 

1. RV/.5 VC ,,= .38 U/L + .61 (P< .001) 

2. Phase IV (% VC) == 46 - l.4 U/L (p < .001) 

Thesp results indicate 1) that concentration dlfferences between 

vertical 1ung reglons wcre rpsponslble for thp termInal portIons of all 

t'xpired curves; and 2) that "closing volume" 19 systt>matlcally underes-

timàted when thcs-e concentrations differ by leu than Il factor of 2. 

Accordingly_ regionai concentration differences are a pbtentlal sourelof 

va riat ion in "e los Ing vo lume" as est ima ted by resident ~as techniques 

(U/L ~ 2), or by RV bolus techniques when pre-inspiratory volume or In-

splratory flo,", rate are not control bd. Th .. observéd horizontal Phase III 

may be explained if cmptying of vertical regions is not sufficiently 

sequent la L' to cause a s-lope when UIL 18 2. Thus, th1e sloping al veola r 

plateau of resldent gas technIques 15 probably due to sequentlal emptying 

of Intraregional units having different concentratt~ns • 

.{ 

r 
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~;. TIIf' Hfect of lncn·ased Ga, Denslty on PulmoMry 018 I::xchangE' in HAn,_ , 
1. Introduction 

Pulmonary gos exchan~e in liquid brp.8thinp, dogs 15 limlted by 

slow diffusion 01 r~gplr8tory RAS~S through the dense fluld (77). Slmllar 

tmpa lrmf'nt of p,ftS ('xchan~e was not observed when ~"s df'nsity WIlS increased 

yp p rbarlc !'nvlrOllm(!~t (19. 46, 92, 117, 139, 140). ln fact, an ln-

ve lation betw('~n ~a5 density and the alveolar-arterial dtfference 

(A-A)D0 2) was demonstrated in dORS (92), A similar trend ob-

sf>rvf'd in man (139) SUR8f'sts that the pulmonary exchanRf' of oxygen may Ô 
\ 

improve as Ras density Increases. 1'0 study this posslbll1ty without in-

troducin~ larpc variations of inert p.as fraction or time between gas 

mixtures, resting gag exchange wa5 measurcd at 1 Ata in subjects breathing 

air and a dens(' Ras. 

2. Mcthods 

pulmonary gas exchange WIl, meas/-Ired in seven hea~thy male 

laban tory pc rsonne 1 27 to 42 yea rs of age', After an ln,dwe Il ing ca theter 

was inserted percutaneously into the brachial artery, eaeh subject lay 

supine and breath~d through a two way valve, The inspiratory inlet wes 

connccted by short wide bore tubing to a balloon contalnlng a mixtur. of 

about 21% oxygen ln nitrogf>n (air) or aulfur hexafluoride (SF6). Expired 

gas was collcctcd tn a 120 1. chain compensated sptrometer which WBI 

emptip-d following an inLtial JO minute period of quiet air breathing, 

Measur~mcnts were mAde [rom records and samples collected during the lub-

sequpnt three minutes (Al). The inspired mixture W3S then Iwitched and 

th!' procedurE> WlS repeated on Sf6' A third' 9.f't of measureMt>nts vere ob-

tained JO minutes after the inspirad line we. swltched back to air (1.2). 
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Durlng f'8ch, collection period, twa samples of artr.rhl blood 

Wf"rc dcawn .l'Uwly /lnd Ilnaeroblcally into cold 10 ml syringl'!I conta ining 

approximatf'ly 0.1 ml oL heparin solution. The syrlngf's were capped 

and kf'pt on ice untll thl' tilOf' of 811a1ysls, whlch was always wlthin 

30 mi nutes of colll·cUon. Blood RAS tensions Wf're mf>asurcd in dupl1-. 

cnte u!'Ilng Hadiometcr f'lE'ctrodes (l'a02 type E501.6, PaC02 typE' E5036, 

and pH unit typl' E5U2la with pH ml'tre type 27). Gas was continllously 

samplf'd at t1lf' mouthplcce hy " 1 Apid rf'''pon,se C02 ana lyzer (Df'ckman LB-l) 

and tht' aVf'l"ngf' end 1 ida 1 value durinR the c..ollection pf'riod was taken 

to reprf'sPllt nlvf'ohr C02 (PAC02). At the end of the colll'etion period, 

samples of inspired and mixed cxpired gas were withdrawn ln duplieatp 

from tht' ba1100n and the splrometf'r into 50 ml glass syringes sealed 

with J way stopcocks and lubriclltcd with lithium chloride. Each gas 

SAmple W8S analyzl'd in tr1l'lictltf' for the mole [ractlon o[ oxygcn 

(FI02, F~02) and carbon dioxidc (FEC02) by thf' mlero-Scholander téchnique. 

1 nspi rf!d oxygen was corrected (FI02c) for R, and the average lnspi red 

and expir~d tractions were converted to partial pressures (PI02, PE02. 

PEC02) at BrFS by multiplyin~ ~y dry amblent barometrlc ,~ressure (P bar -4/). 

Minute vpntilation and resplralory frequency were obtained from the spiro­

metf"r rf'cord. Velltilat ion was eorrectt>d to BTPS or STPD using measured 

values of t~mperature and ambient pressure. 

ln one subJect (CH), the study vas repeated after a second 

cathl~ter vas positioned under fluoroscopy ln the main pulmonary artery. 

Samplt's of m{x('d venous blood were drawn simultaneously with the artertal 

sampi.-s. and ~ere ~1l1y'zed as d~scribed. Oxygen content ln arterial 

(Ca02) and m{xcd venous (Cv02) blood wt"te estimatt'd trom a standard dis­

soc latlon curve using measurcd valuea ot P02. PC02, pli, temperature, , , 



! 
179 

and hemoglobln. CanHnc OUlput (Qr) and pCT.ccnt VenDus admlxturc 

(Qva/QT) wcre cBlculalcd. ln thr other subJects, blood pressure, 

pulse ratf' and tf'mprrnturc wcrc rt'cordcd inl(·rmlttcntly.' 

ln " prc·llminary 'stuclY, the accurllcy of blooJ and gas 

analysrs wrrp risses~rd, and in~trumental altrrati?ns duc to SF6 wprc 

examlnrd. Drcausf' it 15 based on specifie absorption of oxygen and 

C02, Scholllndcr p,as anlnysis wnt; presumably unaffect('d by the change 

in inert gas. TIlis assumpti'on was supported by failure to detect 

absorption of pure SI'6 by cfthf'r solVi'nt. Twelv(' test gas mixtures 
. 

werc pr('parcd, containing by Scholander analysis, oxygpn (5, 10 or 

15%) and C02 (4 or 67.) in inert gas (N2 or SF6)' Samples of fresh 

wQr,lc venous blood (20 ml) w('te addcd to 100 ml heparinized round 

bottCHncd flnsks imm~rs('d in a tcmperature cortrolled (37oC) waler 

bath. Whi If' the flasks rotated (60 rpm) the hlood was cxposed to a 

steady flow (.3 Ipm) of each te; Ras for 30 

tensions w('re stable after 25 m~utcs). Gas 

minutes (blood gas 

t('nsions in tonometered 

blood were measurcd and compared wlth the corresponding values i~ the 

tonompter ras. The clectrodcs werc calibrated with gas mixtures having 

partial prC'ssur('s of 02 and C02 which were lower (S 1), npproximately 

cqual, And higher (S 3) than those in the measured blood sample (S 2). 

During cnch m1"3SUrcmpnt,_, rcaJings wcre m:ldc in the sl'qucnce S 1, S 2, 

S 3, S 2, S 1, and werc 'r<>peatcd if electrode drift ,«'xcceded 2 mm Hg • 

. 
1 Bloo~ oXYfC'n t(,llsions wcre consistent ly low, lllld the average 

~tollo11\et(>r fl}ctor (1. 030, sd ± .005) was not dUfHent betwccn N2 or 

SF6 mixtures. \o!h('reas mc8surcd values of C02 in N2 tonometcrèd blood 

~ ~ 
Wt'[(! stail}" after 2 minutes cxposure to the elcctrode, Sf6 prolonged 

thts pl'riod to 4 mLnutt's. Fu'rthermor~, «,ven at t. minu'tcs, the blood 

1 
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CO 2 valur's w.!r,' cOIIRlsteotly lowl'r hy 2 rmI, liB than th., SF6 tono-

mf"tcr gas, in conl. rast to ('qua 1 hlood and gas PC02 vAl \I('S for N2 

mixturen. '1111' ouJ~ut of t h(' LB-1 W8S adequll tf' ly I1ncarl:awd bf'twf'cn 

-10 And '.j mm peo2e and mensuel-cl aIL tf'st gasps wlthin 27. of th(' 

ScholAnd"r vlllup. llwr<, WlS no syCJtelMtic crror ln tilt- det~rmlnlltion 

of C02 ln SF6,(t)txlUrf'S, Rnd tlH' 90·1. rl'SpOnSl' tl.mf'<; (".::100 mst'e) lo step 

changes ln C02 concI'T1;r.1tion werp slmilar for N2 an~ 51"6 mlxtuc('s. 

On the' ùasfs of tlapse rl'sults. the cleetcodes Wf'ce cal1brllted 
f 

a~ descrlbf'cl durln~ NlCh expcrlment. 'Ole aversR" PaÛ2 values w,-ce mul-
t 

tipllcd by 1.03, and 2 !ml Hr, was addf'd ta average PoC02 VAlues ducfng 

SF6 brl'aLhin~. nlr obsprved ~arllltion in mea~ucements during the pre-

l1minary study lndicAtC!d an instrumental ~rror of about 2 lTIl1 Hg in the 
( . 
~- ('xp<,rimpntal detcrminations of Pa02' PaC0 2 and PAC02 • 

tn triplLcatf' Scholandcl analy~ls ranged less than .5 

The va rin tions 

mm IIg from the , 

mean, IndiclltinR Il smaller error ln the measurcment of inspf.red "n~ 

mlxcd expired gas tensions. The m('asur~d values and the paramt'ters 

of gas exchange caleulatcd from equations listed below were compared 
~ 

hetween ,~as Il)i)(tur~s (A 1 vs SF6 vs A 2 and A 1 vs A 2) by paired t 

ann lys is. The to llowing pa rametcrs were computcd: 

FI02 c "'" FI 02 (f'EN 2 1 FIN2) 

• 
(FI02e - fE~2) VE (STPO) 

t 
V02 

• 
_VC0 2 ~=, FEC0 2 • VE (STPD) .... .,. 

< • • . 
1{ VC0 2 / V0 2 '. 
PA0

2 
t:: PI0 2 PAC0 2 ( FI 02 e + 1 FI02 c) 

~---/ "--- ---, R . 
VD/VT = (paC0

2 ~;EC02) 1 Pa CO 2 

QT = V0 2 1 (C.a ° 2 - <NO 2 ) 
( 

Qva/QT c (Cc~Q2 Ca02) 1 (Cé0 2 CV02) 

~ 

< 

, 
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The' measured and calculated parameters of pulmonary Ras 

exchange are presented in tables 18 and 19. Due to a slightly lower 
. 

oxygen fraction in the SF6 mixture, PIOz was about 3 mm Hg lower 

than in air. Desp1te the lower PICz, PaOz increased from air to SF6 

and docreased a~ain when the 5ubject~ resumed air breathing. Accord-

ingly, SF6 breathing caused a smÀll but highly slgniflcant (P<.01) 

reducUon in the inSPire} to arterial difference for oxygene The 

calculated ideal nlveolar oxygen tensions reflorulù th~ FI02 dlffer-

ences between gas mixtures. ThuB, mORn (A-a) D02 decreased trom 12.4 

ta 7.0 during SF6 breathing (P<.01) and incroased again to 13.34 

(P<.01) when air breathln~ resumod. Values of R were high on bath 

gAS mixt.ures, and woro nat systel1'latically difforent botween gas08. 

PaCÛ2 increased during SF6 brea thing w1 th no AS50ciated change in 

minute ventilation, b~athinr, pattern or COz production. No systematic 

chango was noted in heart rate, blood pressure, or arterial concent~-

tians bf HC(}J- between gas mixtures. DurinR the second study in CB 

'(Table 20), (A-a) D(}~ was a~ain roduced by 10 mm Hg dospite slightly 

lower values of cardiao output and mixed venous oxygen content during 

SF6 breathing. 

4. Discussion 
. 

The pulmonary exchange of oxygen improved during dense ~a8 
) 

b'reathing. These J'Csul ts confirm a similar trend noted in threo sub-
. , 

jects breathing diffe'rent ~as mixtures between 1 and 8.5 Ata (139). 
\ . , ~ 

In that study, increments in gas density produood by increased ambient 

pressure were Qssociated with increased inert gas fraction!. Since 

(A-a) DOz increaS6s wlUt inert gas "fractio; (116, 117), the inve~e 

v 
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TABLE 18 

Results of Gas and Blood Analxsls 

Q LB SB K; AL HL LW Mun (+ Sd) - -. 
Ve A 1 6.50 4.71 5.20 6.95 7.23 6.00 7.34 6.2B (1.02) 

SFé 6.29 4.70 7.13 6.52 6.40 5.94 7.19 6.32 ( .84) 
A 2 7.08 4.34 7.90 7.74 5.84 7.82 7.26 6.63 0.34) 

--------
f • A 1 13.0 6.7 13.7 8.5 13.0 16.0 14.7 12.2 (3.4) 

SF6 13.0 9.3 7.7 6.8 10.0 11.3 }5.0 10.4 (2.9) 
A 2 13.7 7.7 H.7 7.0 12.0 18.7 16.0 12.4 (4.-2) 

P102 A 1 147 148 146 147 144 149 147 14'7 (2) 
SF6 144 147 144 144 140 145 144 144 (2) 
A 2 147 148 146 147 144 149 147 147 (2) 

N 
'CIO 

PE02 A 1 liB 114 l20 112 HB 119 120 117 (3) 
SF6 115 113 118 111 114 121 116 115 - (3) 
A 2 ' l20 113 125 117 115 121 119 119 (4) 

PEC02 A 1 27 33 25 32 27 25 26 28 (3) 
SF6 27 28 28 29 29, 24 26 27 (2) 
A 2 27 33 22 29 28 25 26 27 (3) 

PaC02 A 1 38 40 38 40 41 39" 37 39.0 (1.4) 
SF6 42 46 38 41 42 39 39 41.0 (2.7) 

.~ 
A 2 38 42 32 38 41 39 37 38.1 (3.2) 

Pa02 A 1 84 97 92 96 96 97 98 94.3 (4.9) 
SF6 89 . 98 104, 98 98 99 98 97.1 (4.4) 
A 2 88 98 96 98 95 ft 96 96 95.3 (3.4) 

/r ~ 

( 
.;:-

e e 
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• TABLE 19 

~ 
The Effect of Ga, Den.fty on Pulmonary Ga, Exchanse 

.r 

. 
Subject V02 (ml. STPD 2 R A-a 002 YJ],lVT ~'tl 6 A 1 SFf: A 2 U SF6 A 2 ~ SF6 U !....! SF6 U -

0 

CB 221 246 195 .93 .90 1.02 24 14 22 29 36 29 

LB 185 188 178 .97 .81 .91 10 6 9 19 °39 21 

SB 166 228 204 .91 1.06 1.03 17 6 21 34 ~6 32 

MG 286 262 27) .89 .85 .96 7 3 11 20 29 24 ./ 

,... AL 229 194 201 1.02 1.12 .92 10 7 8 33 31 32 cc .... 
HL 2J)-7 158 247 .82 1.00 .93 9 8 12 36 38 36 

LW 229 244 239 .97 .89 .91 10 .5 11 30 33 30 

.... 
Mean 218 217 219 .93 .95 .95 12.4 7.0 13.4- 29 33 29 

± Sd 38 38 34 .07 .11 .05 6.0 3.5 5.7 1 5 5 

~-----------
,À 

/' 

./ 

e. ~ • -
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TABLE ~Q 

Gas O('n!!itx And GIl., Exch"n~ Durtns --
--l C.rdlac Cathrterlzlltion . 

lli SF6 lli lli ~ 

• • Ve 6.73 6.94 V02 254 270 

f 13.4 13.0 R .78 .7S 

PI02 144 140 (1.-.)002 32 22 

Pto2 111 106 VD/VT 
~ 

26 32 
! 

PEC02 26 26 Cv02 14.2 13.8 

PaC02 35 38 QT 4.9 4.7 
\. 

P.02 72 76 Qw/QT 11 7 
.. _- -... ~-

Pv02 36 3S 

• • .. 
0 

'!Ii 

.' 
0 ~ <JO) , 
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relationshlp between (A-a) D02 and gas density was potentially obscured. 

The l'6sults were interpret6d ta demonstrate no deterioration of gas 

eocchange ove~ a wide range of gas den~ities, most likely due ta an 
. 

1nsip,nificant contribution of stratifled inhomogeneity ta (A-a) DOz. 

In dogs breathing 5~, oxyp:en in SF6 at 4 Au, (A-a) DOz were sip;nificantly 

lowor than values measul"'ed durin(/: air breathing ,nt 1.0 Ata in spite of 

the ~reater inerl fraotion (92). The authors considered a number of-

possible explanations for the reduced (A-a) DOz, and excludt'ld chaîlges 

in cardiac output, mixBd venous oxygen content, respirato~ quotient, 

breathinp; pattern, "Airways closure", and distribution of pulmonary 

perfusion. They coneluded that their results wera compatible with a 

red~eed variation in ventilation-perfusion ratios (VA/Q) due to density 

indu cod Alterations in series or parallel venti~ation distribution. 

In this study t a number of possible CAuses of 1mproved gas 

exchan{l:6 are also unlikely. "Airways clo~mre" \lsually oeeurs below 

FRC in younr supine Bubjects, and t.hora i5 no other reason to expeet 

chanr,es during SF6 breathinR in cardiovascular parameters contributing 

ta (A-a) DOz, e.g. CV02, QT, QS/QT' and pulmonary perfusion distribution. 

This was supported by direct measurements in one subjoct (Table J) and 

in others by the absence of systematic variations of heart rate or 
. 

blood pressure between p.ases. No systematic changes in R were observed, .. 
and the parallel tMprovement of inspired-arterial diffel~nces for oxygen 

exctudos a spurlous improvement in (A-a) D~ due to calculRtion of al­

veolar oxygen tension. The high values of R are possibly due to the non-

fas~in~ state of the exper~ental subjects, so that occasional values 

of R>1 May he attrlbuted to minor errors in gRS analysis. On the other 

hand, rigorous l'ejection of all studies in which 101 does not a,lter 

the resul ts. Ventilation tended to he slower and deeper on SF6, 

c' 

1'" 

o 

" 
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. 
byt thesc differences wcrr not signiflcant. Furthermore, (A-a) 002 

" 

also decreased in subjects wlth SlMllf'r Udal, volumes and {ncreascd 

frequ~ncy during densp gas breathing. Accordingly, the improvcd 

pulmonary exchangc of oXYRen during SF6 breathing la Hkely due to 

a favourabl~ chango in ventilation distr!bution, such that VA/Q 

variance is dlminishcd. 

TIll' static dist.ribution of lnspired gas among parallel 

-\ 

lung rpg(ons is determin~d by the regional elastic properties (107). 

Ourlnp, a rapid volume ehan~e, ventilation distribution changes tf 

regional time constants are diff"rpnt (liS). Such asynchronous be-

haviour Oc.curs dudng quiet breathing, and t5 enhanc.ed by SF6 breath-

~K if reglonal rpsistances are density dependent (see sec. C.4). 

Dyn.mic redistribution of ventilation among vertical lung reglons 

nets to incrpase (A-a) 002, because upper lung reglons having htgh 

VA/Q become bettcr ventilated at the expense of lower lung regi9ns- ; 
c . 

having low VA/Q. To explain these resulta, gas density must cause a 

shift of ventilation from weIl ventilated lung units having high 

VA/Q to poorly ventilated units having low VA/Q. With~n s~ll lung 
'. 

regtons considerable oon-uniformity exists in ventilati~n (149), 

t'lastic propertips (151), and "lvcolar sIze (lJ2)~ Fur~hermore, there 

i5 no reason to cxpect paraI lei inhomogeneity wi~hin peripheral lung 

segments to correlate ~~th VA/Q as has been demonstrated for vertical 

lung ugioos (160). If the wcll vcntilated unlts al80 have longer 
,/ 

timp constants, SF6 breathing reduces the contribution of Intrareglonal 

VA/Q vafiance to (A-a) 002. It should bé noted that during quiet ~ 
\ ~ 

brc.thln~ the volume rf'distrlbuted dur1n~ the tr.nsicnt departures 

trom the ~atic dlatrlb~tlon la neces.arily small, and occurs ~rlmlrily 
at the on.et of tlow (s8e .ppendix 3 C and Fig_ 27). ThuI, the effect 

\ 
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on gos concentrations Is mfrumhM.! by rcdistribult.on of deat.! ",pace 

(111, 138, 141). 
, 

Hark('d series Inhomoy,en'plty of gas,tensions occurred ln 

11qulù vcnti1atcd dop,s, prcsumably becausc the rate of gas transfer 

by molcculàr dl(fuslon 15 invcrsely relBl~d to the square Toot of 

fluid density (77). At lcast two mt'chanfsms TMy explaln paradoxlcal 

improvcment of oXYf,"n tran~f(·t: whcn lntergas diffusion 1s rctardcd 

by SF6 • Proximal portions of gns cxchangc units arc bctter pcrfused 

thon distal portions in sorne speclcs (130, 131, 158). If stratified 

perfusion causes high VA/Q distally and 10w VA/Q proxima lly during 

air brl'athing, increased gas stratification on SF6 would reduce serles 

VA/Q variance. A1tcrnatively, Farhi speculated that bulk mlxing of 

inspirpd and alveolar gas occurs during inspiration and incrcase with 

gas dcnsity (41). If proxlmal bulk mixlng prcdominates over pcripheral 

i(p~ir(>d ditfusion, gas stratifi~ation may be reduced on SF6. Engel 

et al subsequently observcd in dogs that the interface between inspired 

and alveolar gas was sprcad in transit from trac~ea to 4 mm bronchl (40). 

Th(' voiume in which inspired gas was distributed ahead of the rncan in­

,-l terfu:e tncrcased by only 15 ml, and Inspired gas was only a srnall 

fraClion of this volume. Th("y concÎudèd that a negligible fraction 

of th .. titl"l vohlme was mixed mechanically with alvcolar ~as ln the 

bronchial tne. If these results apply to the human airway, it 15 

unlike ly lha t cnltllnced bulk mixl ng dudng SF 6 brea thing s igni Ùcantly 

reduces series inhomogeneity. Furtgermore, the ,latrter explanation of 
" 
r 

th~se r('sults reCJuir(~s thRt series Inhornogcneity account for at least 
. 

one-haH of the (A-a) 002 during air brcath1nft. Othcr thnn incon-
, 

cluslve studles .of diffusion in lung mocJcl~ (31), the ~rlnclpal 

evldonce .upportln~ .~ InhomosonellY' co .... [rom .. pl<cd eoncen­

tratron vs vo1um~ curvcs dtmonstrating 1) dlmln1shlng concentration 

,1 
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dlfferl'nces durlng a lIreath ho1d Ind li) separation of ,a.es 

havinR di Herent ditCusivit1es 00, 54, 125, 147). Tradltlonal1y, 

f'quilLbrat-lon or separation of Ra. tensions in pcrlpheral lung 

regloflll is attritJl1tcd to mo1c(.u1ar diffuslon ln a &f'cics systpm. \ 

To the extcnt that mlxlng occurs b~tw~.n per!pheral paraI lei lun~ 

unlts, lhp9P resu1ts arr not an unqualifled demonslratlon of gas 

stratiflcatlon. , 

Engel et al mf'asur('d nltrogen concentration (FN 2 ) in gaa 

1 
sampled through thl' walls of canine intrapulmonary alrways. During , 

intlation of the lungs wHh oxygpn, cardlogenlc oscillations of FN 2 

wcre rcgularly observed in 4 mm atrways (40). After a two second 

breath hold, FN 2 Ws 50'7. of thf' alveolar fraction (FAN2) in 4 nrn 

bronchi anù dCCrl'Bsed progressively in mouthward airways t~ 104 of 

FAN2 in lohAr bronchl (38). During the subsequent f>xpirations, the 

IImplltude of cardlog~nic osc111arions of FN2 decreased ,,!th breath 

ho Id timp (39). They concluded that venrilation varies considerably 

withln parallf'l 1ung units subtendéd from p.,ripheral 8irways. and 

that ~a5 mLxinR llnOng these unit, reduces the inhomogene~ty 'f gal 

tensions. Mixing va. much faster in the presence of cardia~ "tion, 

suggcstinR adynamie cornponent attributed to convective dlffuston and 

eddies s€>condary to cardiac induced flow oscillations. 1ncse mechanislU 

promotc mlxing of ~as ~xp('llcd by cardiac impulses from peripheral par-

allct units lnto the cOlll1\on mouthward airway, 50 that rcin.plration ot 

the convnon 'dead space' tends to reduce thrir concentration dlfferenees. 

Addi t i ona 1 ml xi ng by "pendelluCt" occurs to the extent that t ime conatant 

diffrrenccs cpntrlbutc to th€> cardiac Induced sequC'ntlal behaviour of , 

panllel units 011, 1/.1). Slnee incre.8ed ga. denslty promotes con-

vective diffuslon, convective mixln~ and aàynchronou8 v('ntilatlon. SF6 

)' 
-0 
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hre.thln~ dimillilhca .lveolar concf'ntralion dlCterencea bctween 

• 
par.lh1 perlplu'ral lung unlt!l. A corrf'spotldl1l8 nduc..tfon ln VA/Q 

• 

vadanee accounts tor th .. ohru'rvetl r~d\lclloll ln (A-A) l>02' 

'nds m('chall(sm Impllf's rhat pend 1,..1 lnhomo~""f·fty wfthln 

pedpheral lunr, unlla <:.ontrlùull'$ Il lnrgl' proportion of th" llonMl 

(A-a) 002' and that 1 hl' mlxlllg aclion of tilt' lwart is a pott-nt 

m,·ch.nhm reduclnR thls value. Thl' m~c..hallicai pr(lpl'rttes underlylnfl, 

!luch intnregional inhomogr.n,·lty of ventilation wen- descrlbed by ft 

simple 2 compartment model 09, 1/0). Thf' diCf('rent P-V charllcter-

fsUcs of thf> compartments cause different a1veolar slze (Vo) at mid 

lung volume such that high Vo unita hav .. less ventilation (ÂV). These 

difff'rf"llees con/orm to variations ln stress-sLrain characteristies of 

individual alvt'olar w'llls within small lung reglons (52, 151), The 

prf'dicted variations ln alvpolsr slzf! arc supportcd by rnc8sun'mt:'nts 

in dOFS (132), and the intrarC'pional dispersion of ÂV!Vo values is as 

large as thrtr dispersion betwf'en vertical lung regions (39, 149). 

The P-V charactt:'rlstics a1so predlct sequcntial ventilation, sueh that 

high Vo units havlng low AV/Vo contribute an inereaslng proportion of 

the total volume chan~@ as lun~ volume d@creases. Furthermore, asyn-

chronous v"ntilat{on duc to lowcr time constants ln these unita exag-

gerates the sf'quential bellaviour. 

A sll~ht lncrpasp in PaC0 2 oecurred during SF6 breathing. 

I\f'CAU5f' the mechllnlsm of SF6-elpctrode in~euetion W8. lInknown, this 

trend was not completcly convlnclng. Npvrrthrless, elpvated FaC02 

durln~ df'nsp ~8S hreAthlng wtls pr"('viously ducribl'd and Ilttrtbut~d to 

incrrased work of breath{n~ or central resplrntory depresslon (18, 55, 
. 

19, 118, 140). In thi. study, V0 2 and Vc0
2 

Are qulte aimllar on air 

\ 
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and 51-'6. This waq not !lurpr1yill~ s1ncr th .. 2 - 3 lold lncre8s(> in 

airways n'sfstllnc(l ('J(ppclpd durln~ SF6 brf'Alhlng {A5, Al, 156) ta 

1l1l11kl'ly tn altrr th .. work of r"sUng vI'ntl1at1on, whfch 19 predomln-

anlly ('111'itlr. SF6 produCf·d CNS symptoms (1ight hf',id('dnt'IHl, rfltardl!d 

m('ntntion, mood labllity), and total vf'fllllallon 100'1\9 slightly nduced 

cqual Vf'nlilatl<lll, pn~sulMhIy duc lo rlH' lncreast'd Vo/Vr. This agreps 

" 
wlth thp COIlCl'pt lhat Vo/Vr dl'pf'nd"9 on diffusion of a)vpolar gas lnto 

alrway"i, but OppU'iitf' changP5 of tllis ratio and ot (A-a) 002 are sur-

prising. Sim! lar obsl'rvat Ions by Marlill el al (92) sURgeyt thtL Ras 

dellsity acts dflfpr .. ntly on the plllmbnary exchansl' of O2 and CO
2

• Since 

SF6 rptards {ntpr-gas diffusion of O2 and CO 2 about E'qual1y, the dis-

. 
CrPpancy posslbly arisps from the greater ~tff'ct oC VA/Q varillnce on 

(A-a) 002 than on VO/VT' As JlSCllSS('d, greater dynamic gag mixing 

during SF6 brf'Rthing r('ducf'd thp parallel range of alveolar gAs tl'nsions, 

thH('by opposing any tendpncy of impaired oXYRpn diffusion to lncrea.e 

(A-A) 002. Dup to the 11near CO 2-blood dissociation curve, diminished 

paraIl ... l inhomogrnf'ity has lf'sS ... ffect on VO/VT. sa impaired mo1ecular 

diffusion n('ar ~as ('xchanRinR surfaces increasf'd the 'alveolar' dead , 

spAce. Altf'rnfllivl·ly, the pxplanation of rcduced (A-a) 002 based on 

str~liti('d pf'rfuslon provldes a similar cxplanatlon tor a corrcspondlng 

lncr('As(' ln Vo/VT. 

5. Sunwna ry Il ncl Cor. 1 us ions 

Pulmnna ry gas rxéhangf' ""8 measured ln 7 -etat ing supine suhjecta 

br('athing air or a densf' Ras mixturE" contaln1ng 21'%. O2 in S'6. Hean ± ad 
, 

vllluf'li ot (A-a) 002 decreased from 12.4 ± 6.0 on air lo 7.0 ± 3.'--Ôn SF6 

(p<.Ol), and incrf'aled IRain to 13.4 ± 5.7·when air breathing reaumcd 

• • 
No differenc •• occurred betwpen ga.~s for V0 2, R. Ve • f. HR or BP. 
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and the improved oXYRen trins fer could not be attributed to changes 

ln Qr or CV02 ln the one .ubject in which they were ~.Iured. l'he se , 

re.ult. are best expl.ined by an Iltered distribution of ventilation, 

luch that th" V"JQ variance was reduced. Although the distdbuqon 

of inspired gas may bl' inCluenced by ditft'rences in density depl'ndent 

t lme constants of pa fil lle 1 uni ta, two other explanat ions are thou8ht 

more l1ktly. To the extent that stratified perfusion contributes to 

(A-a) 002 durin~ air brf'athin8. impaired inter-8as diffusion on SF6 

mey improve th~ series matching of ~A and Q. Alternatively, SF6 pro­

mott's cardiogl'nic ~as mixin$t betwl'en pl'ripht>ral pa~allel ~ni~hl)ving 
dlffprent concentrations, and a ~rrC!'spondin8 reduction in VA/Q variance 

\ 

conceivably accounts for the rf'du~ed (A-a) 0°2" Both mechanisms allow 

observed increAses in PaC02 and VU/VT durin8 dense 8as breathing. Accor­

dlngly, intrare~ional VA/Q variance accounts for about one half of the 

resting (A-a) 002 in hulthy supine young men. 

) 
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F. Exerolse VentUatory Mechanics at Increased Al11blent Pressure. 

1. Introduction 

Expiratory now rateR during hbavy exercise ln heAlthy peopl8 

are much lower than their maximum expiratory now rates (V max) at oom-

parable lung volumes (112). In patients wlth obstructive lung disease, 

expiratory flow durl~g quiet breathlng approaches or equals V max (60, 

124, 15), sa that attempts to moet addod vontilatory roquirements be-

come limited by the dynamic compression of intrathoraeio airways (124). 

Sinee values of V max at Mid lune volumes are lnversely related to the 

square root of air dens1ty in heal thy subjects (164), their exercise 

ventilation May boeome limi ted hy airways compression at increasod am-

blent prossure. This study was dosigned to examine this possibl1ity by 

measurinr, the inter-relationships among pleural pressure, air flow, and 

lung volume during maximum exorcise in hyperbaric col1ditions. 

2. Methods 

Tb define pressure, flow and volume relationships at tho onset 
(Î 

• of 'f'low limitation, expiratory iso-volume pres8ure-flow> (IVPV) ourves 

were constructed at five lung volumes (90, 75, 60, 50 and 25~ of vital 

capacity) and at five ambient pressures (1..0, 2,0, 4.0, 7.0 and 10.0 

Ata). From each curve, PLmax, defined as the lowost tran$pulmonar.y 

presBuro giv1nr. maximum flow, was determlned, and these values wora 

plotted against lung volume (VL). The PIJ11tlX-VL linee were superimposed 

on tran5pulmonary pressure-volume loops mensured during exercise in the 

sante environmental condition. Since expiratory pressuras greater than 

PLmax do not increase flow becauS8 ~hey oompress intrathoracio airways 

(51, 10), 127), the presence of expiratory flow limitation durlng exe~c18e 
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can bf' d .. teetf·d. In thts condition. f'xpiratory flow rat .. !; ar(\ rquiva-

l~nt to th., TMximum explrllt.ory f10w rnlf' and ventilation is f'qulvalent 

lO thf' maximum hrf'Slthlng capncily (HOC). 

8. IVPV Rd~tlon!lh[ps At Rest. Two of'althy t.1bor.1tory per-

sonnel famlllllr with rf'spiratory ffic"lnOpuvrcs sat on th(' {Ioor of lJ hypf'r-

barle chambrr. At rnch simulaled depth, thcy perform('d ~ series of 

Rrad"d vital cap:\city (VC) f'xpirations varying trom a very slow brenth 

out ta onf' of maximum spf'cd and effort. From reeordlngs of lung volume, 

flow ratf' And transpulmonary pnssure, the flo'''' rates as the subje.ct 

pllssrd through a giv,.n lung volume Wf'If' plotted against th,. simultaneous '. 
values of transpulmonary prr'sSlIrp.. A smooth line W8S drawn through the se 

points, and PUnax was dcterminf'd by visual inspection of the IVPV eurve • 

flow and voltln'p c;igOl'ds • .. ·pre ohtained frorn a Je.dge spirometf'r 

(Mf'd. Se[rncf' Elf'ctronlcs Modf'l 270) and wpre not influenced by incr~a5ed 

gas density. Th(' spiromf'tf'r resistanc(' was Ipss thAn 1 cm lI20/lps at 

aIl depths. A ti~ delay of 40 msec. in the signaIs from the spirometer 

was corn'cteô during construction of IVPV curves. A differentlal pres-

SUn' transduccr (Sanborn 267~) vstlmated the difference between latf'ral 

pressure in thr mouthpiece and pr~9sure in an esophageal balloon (length 

10 cm, circttmt{'rpT)cP 4 cm). The lateral oral pressure tap and the eso-. 
phagpal balloon Wf'rp connpctcd to thp transducer by identical polypthy-

lE"nE" catheters (1pngth 90 cm, iod •• 15 cm). During measurements, the 

balloon ~s positionpd in thp lower esophagus and inflated with I.S'ml 

. air. Wh{'n th(' rf'cordLng systf'm was vxposed to atmospherlc pressurE', the 

rccordcd prf'squrc in thé balloon was zpro over a range of balloon volumes 

from 0.5 to 6.0 ml. 11H' volume displacement coefficient rt\('asut"ed at 1 Ata 

was .(}ll ml/cm "20. At all cxperlmental dcpths, thp 904 response time 

of the pressurt· rf'cording system tISA lesa than 10 lll8ec. 



• 
nu· .. tRnlll. proportional ta transpulmonllry p.'t'ssurf', [Iow 

and volum(· Wf'rf' sfmu1tnn('ously rl'cordl'd}}on Il 4 chann .. l Sllnborn Po1y 

Viso: Flow And volump slRnAl!\ wt'rP nl"io dlsplnYf'd on ttlP ordinat .. and 

ab!c~ of Il "itorA~(' osd 110,(01''', and the II\Eiximum prrt'D('t('r flow-

volumr curvr was {.oplt'd nt r8ch depth. At amblent prpssurf'S ~rpalf'r 

than 2 Ata, thts curvf' WIlS nnt d1ffcn'nt from thr flow vo1umr curvf' of 

Il sin~l(' IMximal ettort f'xpiration. 

b. EXf'rclsr StlJdl('~. flHPf' (ACB) and four (LW) 1ev('ls of 

exercisf' WH€' Attf'mpLCd al ""ch depth on Il mf>ohanica1 bicycle prgompter 

(Mona rk). To mi nlml 7P tim€' a t dept h, suhjrcts procreded from 1 i~hte!lt 

to hf'8vtf'st work load wlthout interruption. E)(ercis~ durAtion was (Iv,," 

minutes for ttH' Cirst Iflvel of pxp["cist> and decr('aspd by one minute at 

('ach succf'ssivp Ipvd. Ouring th,. last minute At. each work load, the 

subJf'c tg brNI t hf'd from/thl' ~ox 

150 1) throu~h short ~dr bor~ 

to the ba~ of Il bag-in-box systpm (capacity 

(i. d. 2") tub inR connected by a two-way 

breathin~ valv~ (Warr~n F.. Collins High Velocity Double J). At the b .. -
H 

ginnin~ and l'nd of thi! pf'riod, vita 1 capacity manoeuvres werf! performed 

to establish thE' end explratory position (EEP). The wedge spirometer 

WIl'l connt'cted in !t'ries with the box, and recorded lUl1g volume (VL) and . 
air flow (V) during ex~rclsf'. Taking Account of the fixed timp 1aR, 

this systf'm nccuratdy mt'1\9urf'd Il sinusoidal volume input fot phasf' and 

amplitude to 120 cycles/mlnute at a11 depths. A potentiomcter WRS 

mf'chanica lly 1 ink('d to thl' wf'dRP be 110w9 to record venti la t ion. Trans-

pulmonary prf'S9Urr (PL) W<lS mf'8sur('d as describf'd above. Signais pro-

portio",ll to PL' V, VL and vC'ntll:ltlon w('re simultaneously recorded on a 

'. chllnn('l Sanborn Poly Viso ftnd Il blpolar EKG was recorded separlltely. 

Pressure- va 1 umE' and fI ow- va l \lml' 1001'5 "'t'l''' recant'lt rue t ed f rom th" wr 1 tten 

record. 1 

- . 
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Su.plf'S of cllluabcr al r during uerc ho and mf xrd expirl'd 

sa. trOIll the ba,:t (0110vln8 uch exerc tif, perlod vere col1"clcd ln 

dupltcatf! and an.ly~ at 1 At. for 002 and 02 hy th .. micro-Schol/llld{'r 

teehnlquf'. Thf' produet of gal (l'8ctlonAl composlllon Ilnd dry barolDf'trié 

pressure ~avr th .. part la 1 pr"l"urr ;or theat' s:.mples. Oxygen consumptlon 

~s CR1CuWrd (rom minute vf1ntUatlon and (!xplrrd gas composition. Mean 

"lvrolllr CO2 tf'f1s1on (PAt'02> Wlfs calculated trom th .. Bohr equatlon \.Is1ng 

tidal volumr, t'xplrpd CO2 tf'nsion, And the subjf'cts' anAtomie d"ad spltce 

mf'Rs\lr ... d s"parAt"ly for simUar volulllf" conditions, uslng the single 

brCRlh trchnique d~scribed prrviously (165). 

As ambif:'nt prf'!lSurf' incrl'asrd. Vmax and th .. initial slopes of 

"'th~ IVPV curv .. !, df>crr'sc-d at eac.h luns volum .. (Fig.) l "nd Table 21). 

Abovt> SOt VC f PL-X decrellSf'd as ambi .. nt pressure increased. 50 thllt the , 

reduetiol\ in PLm8X with lung volume W8s much 11'58 at dt"pth then at 1.0 

Ata (Fig. 32). Stalle clastie r(>eoil pressUrf'8 were unaffected by hyper-

bade conditions, and th-e slopf!s of maxilllum flow-statle rf"coil (MFSR) 
< 

curve. dt"crusf'd as amblent pre •• ure In~reased (Fig. 3). 

DudnS maximum f'xerche at 1.0 and 2.0 Atll. PLIMx and Vmax 

f!xcef'df'd thf' f'xpf.ratory transpulmonary pressures And flow rate rcspectively 

(Fig. 34 and 35, upper panels). At 4.0 AU PL exceeded PLJ!\1X and flo,", 

ws equal to V!MX ov('r most of the t'xplrf'd volumf' (middle panels). Ex-

pir.tory (low limltation occurred at progresslvely lOWE'f flo,", rates at 

grf'8tf'r dcpths (lover panels), where there were eorres9onding reduction. 

in mlnut .. vt"ntiliitlon, maximum oxygetl upuke and heart rate, as yell al 

elevalrd valuf's of PA C02 and end expiratory posltlon (Tables 22 'and 2'3) • 
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,TABLE 21 
~ 

+ * • Flow Rates and Resistances at EX2i ratorl Flow Llmttat,lon . 
AMBI ENT PRESSURE (ATA) 

EŒ 1 1 '4 10 

AC8 LW ACB LW ACB .!J! ACB LW - ~ . 
8;8 90 Vmax 10.4 6.6 6.8 4.2 4.8 2.6 2.6 

Rus 2.4 1.9 3.0 3.0 4.8 4.2 7.7 7.7 \ 
Rda 7. 1 5.6 8.8 6.7 10.8 8.6 15.3 13.0 \ 

\ 
\ 

. 
\ 75 Vmax 6.8 7.2 5.0 5.6 3.5 3.8 1.8 2.1 

Rus 2.1 1.8 2.8 2.3 4.0 3.4 8.0 6.2 

Rds 7.3 5.1 8.9 6.1 10.5 8.0 15.3 13.2 

50 Vmax 3.R 5.5 3.3 5.0 2.3 3.1 1.5 1.8 , 
; 

Rus 1.6 1.6 1.8 1.8 2.6 2.9 4.0 5.1 

Rds 7.0 4.5 9.5 6.7 13.3 9.5 17.7 15.4 

2) Vmax 1.8 3.1 1.5 2.6 1.1 L8 0.6 0.9 

Rus 0.6 1.6 0.7 1.9 0.9 2.8 1.7 5.6 

Rda 6.6 5.5 8.9 6.9 l,l.l 10.0 20.7 18.1 

+ Maximum expiratory flov rates (~)() in litres/second 

* Calculated at the onspt of flow limitation in cm H20/1ps 

• Rus· total resistance upstrèam from EPP = Pst(l)/Ymax 

Rd, • frictiona 1 nsistance downstream from EPP = (Pl)IIBX + Pc.' )/Ymax 

.~ 

• 
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'Relationships of transpulmonary pressure (lt>ft absc1àla')' and 
expir8tory [low (right abaêissa) to lung volume (ordinate,) 
dllrïng maximum pxerche'at.l. 4 and 10 Ata in one lubj.c~t. 
Hesting FRC nnd PLma~~volume lin~. are indicated (for dis­
cussion, see tcxt) • 
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TA8LF. 22 

Cardio .. Rp.121ratofl! Paramt'terl DurtnS I!xerch(! 
1. 

~ACBl 

WORK L~D AHBlENT PRESSURE (ATA) 

(Kgm. H./Hi n) 

! !! 7 

450' VE 74 70 65 
"li 

\ PAC02 (PIC02 ) 37 43 (2) 47 (3) 
l · " V02 1.7 1.8, 1.8 

EEP 0.95 1.10 1.25 

HR 130 130 125 

JI 

600 VE 97 88 66 
~~ ..... 

PA C02 35 39 (3) 52 (3) 

· V02 
, -. 2.2 2.3 1.9 

F.EP 0.90 1.15 1.50 

HR 145 150 140 

900 VE 120 86 .. 
PAC02 34 51 (4) 

! • 
V02 3.1 2.8 

EEP 0.84 1.40 

HR . 175 175 

VE - Hinuç~ -ventilation in litres (BTPS). 

PAC02 - partial pressurt' (nn.Hg) of CO2 ln alveolar ga •• 

PlC02 - POO2 ln the inspired gas • 

• V02 - Minute oxygcn consumption in litres (STPD). 

EEP - -End expiratory lung volume in litres (BTPS) above RV • 

\ 

10 

52 

63 (4) 

1.7 

1.55 

120 
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TABLE 23 ... 
Cl 

• C.rdlo-R~!21rator! P. r.metera Durtn! Exerclte ~L •• W. 2 . • 
~I 

WORK L<».D AMBI,.:NT PRJo:SSURE (ATA ~ 

(Kgm. M./Hln) ~ 

! ~ l !Q. 

450 VE .57- 61 47 49 

PAC02 37 41 39 49 (6 ) 

• V02 2.5 2.7 2.1 2.9 

EEP 2.3 2.7 3.1 3.0 

HR 130 135 125 120 

900 VE 92 84 61 56 --
---------PAC02 34 39 (6) -~) 54 (7) 

• ---------~~ V02 3.6 3.6 3.5 
--

EEP 2.0 2.1 3.2 3.7 

HR 160 150 150 155 

12'00 VE 110 100 74 

PAC02 36 39 (6) 50 (4) 

• 
V02 3.9 4.0 3.6 

EEP 2.0 3.2 , 3.9 , 

-HR lh 110 165 

1.500 VE 140 112 

PAC02 34 45 (8) 

Vo
2 4.4 4.2 

., 
KEP 1.8 3.8 

UR 185 180 • ~ 

For definition of par ... ter., See T.ble 22. 

, 
.' 

-
"""," 
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4. 1J1scu'Alon 

• • 
II!. lVPV I<clatlonshtps At Kest. The d.r1vtng pressure of VInax 

at the onspt of flow limitation la th~ differ~nce bpt~cen mouth (Pao) 

and alveohl' (Pal v ) prf'S9urps. Accordin~ to Mf'ad ct al (l03), thE' air-

way durtn~ Corced E'xplrAtlon may bp divldcd into two segments by points 

wher~ thf' latprnl Intral~minal prcssurE's ~re cQual to thE' pl~ur31 pres-
. :1 

sure. In thp sE'gment upstream [rom thE'se cQual prE'ssurc points (EPP), 

the statie Plastic n'coll of the lllnp. (Pst (1» ls the driving preS'lurc 

. 
of VrMx so thllt MFSR r.tlrv~s df'fine the upstream r<,sistance (Rus). Th€> 

configuration of MFSR curvf'S i5 df'tprmlnf'd by the relativE' contribution 

of friction (Pfr ) and convective acceleration (Pc~) to thE' upstream 

preSSUrf' drop. At hi~h lung volumes where convective Acceleration 

accountpd for morp lhan 80% ot Rus. the cross sectional ArcA of EPP 

(ACPP) was accuratf'ly estimated from the shape of the MFSR curves as 

. 
tollows. Sf>veral isoplcths were drawn throush values of Vrnax and Pca 

ca lcu1atcd from the BHnouilli equation for different AEPP. 

PC! == • 2 p Vmax 

2g AEPP2 

The isopleth which was simi1ar to the MF~ curves indicated the AEPP. 

ln this study, the configuration of MFSR curves closely 

2 
approximatf'd isopleths of AEPP equal to 1.4 cm at aIl depths for sub-

j~ct ACD and 1.7, 1.6, and 1.4 cm2 at 1, 4 and 10 Ata resp~ctively for 

subJect LW (Fl~. 33). Thpse vRlues of AEPP are similar to those 

estimat~d at 1 Ata by MeAd el al (103) and are compatiblt' with the 

location of EPP in th~ sf'Cllnd or third airway generation. Sincc air-

way cross scction distal to the third &en~ration Incr~ases r8~idly (159), 

thcse results su~~est no si~nlficant upstream movement of EPP as ga. density 

incrc"sed. OE'lpite a rt-latively flxed geometry of the upstream segnaent, 
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Rus 1nctf'osrd ln a non-l1ncnr manncr wUh gns dcnsity (Table 21). A 

1 

logarilt,mlc plot ot th('se pnrnmf'L('rs ",as ndequal"}y descriLf'd by Il 

straight 1111<', the 1410l'e oC which 15 th(' exponf'nt .. 'nI of the equnt10n 

n 
Rus = K P • The f>xponl'nls wcrf> .',0 (A.C.II.) and .50 (L.W.), 1ndicnting 

that Rus was proport1onal lo thl' square root oC gas df>ns1ty. This 

finding ngr{,f!S ",ith prl'vious ohs('rvations f"d is consistl'nt '-lith Il 

major conlrlo\ltlon of convective acccleration to the upstrram pressure 

drop (164). 

Thl' ùownstrl'am 5<'gmf'nt ('xlends [rom EPP ta the airway opening" . 
_ nnd PL h lhf' pn>S8\JH drfving Vrnax through thf!5l' airways (103). Ac-

cordinr,ly, PL~~X 15 thl' downstrcam pressure drop at the onsct of flow 
t 

limitation. Il should bf> notl'd that PI,ITIrlX represents the downstrNl.m 

frictional pr('~surl' drop only if ('xpi~ed gas vl'locities are eQual at 

EPP and Ilirway opl'ning. 1\5 described in I\ppendix l, (P. 721 ) substanlial 

dO\YI1str('am frictional lose; in exc<,ss of PI}1l3X occurrcù in this study 

becAuse the êlrf'a of mOJthpiccc (1\1l0) was much greater thnn AEPP, This 

pressure (Pcn') was calculatE'd (or <,ach lung vO,lume and g~ density, 50 

• 
that th<, sum of P ca' and PLllUx di vi ded by Vmax repr<,sents thl' downstream 

resistance (Rds) At the onset of flow limitation (Table 21), Whcn lhese 

valuf>s for Rds werc plottpd ar,ainst gas dcnsity lIsing logorithmic 

seales, sl0t'{'s of .1,0 (ACn) and ,1,5 (LW) wcre obtaincd. -As discussed, 

similllr densHy d!'pl'ndcncc of upstrcnm resisL1ncc i5 due prim-1rily to 

convective tlccel<,r(\tion. Sincr Rds was correclcd (or convective I\cccl-

l'ration, thesc pxponcnts r('latins resistnnce to dcnsity likely rcfleet 

Il turbulent flow rr'gimc·in which th ... T<,lationshlp R u P .1.) 15 expccted 

(H1/,). This conclusion i5 comp<ttiblc wilh the h1gh Ih'ynold's numbcrs 

in llnge airw"ys Ilt Vm.~x. 
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1111(' indleatN' Lhf' on/l'" of f'xplt'alory flow l1mitlHion. If PL exeeeds 

Pr.mAX, thls portion of the LorrespondlllR prcss\lrf!-volumt' loop is rM'chan-

Ically Inf'fflclf>nL. ln tht> Sf'IlSf' tbllt lhp {ncreased work of breathlng 

dc)f'!! oot rt'sult ln Incrf'aspd vr>ntilation. Olafsson rt III (112) demon-

glratN! that mlJst normnl subjl'cts did not drvrlop pP'ssurcs f>xceedillR 

. 
PLIMY or flow raL('s l'qulIl lo Vmllx durinR cxhausting cXf'rclse tn ITIIlxlmum 

1lf'lIrt rAtl'S. Brc/lllr;f> lhf' m('chanicill propf'rtlcs of tiH' lung wprl' un-

, 
chan~l'd d\lr!n~ maximum, xc>rcts(' thf'y r('8sonrd thal Pr.IMX val\lf's dplp[-

Il 

mÎnf'd at n'st arl' no! lil:rly diff('rf'nt during l'xl'rcisf'. At 1.0 and 

2.0 flta in lhf' IHf'Sf'nt !lt.udy. mlnutf' vl'ntilation excpcd(>d 100 l!min. 

durillR f'Xhaustlll?, ('x(>[cisf' Lü mIlximal hl>art rates. TIH' exerclse pres-

surl'-volunlP and flo'N-volumf' loop~ "UfferC'd cons1derably from the 

corrp'iponolng PLmax and VIlIIlX values. slIRgf·sting that considerable 

turthl'r ill(..rl"'tls('s in ventilation werp possible. rhis 10IaS confirm .. d 

in subJf'ct LW. who brf'athf'd on !lis flow volumE' curve and generatt"d 

valu~~ uf PL y,rp8ler than PLmftX wh!lf' p~rforming a ~~imum breathlng 

eapacity ot 225 l/min (S('C Fig. J5, upper panel). 
.. 

These observations 

arc ln closf' 8~rccmcnt with the iindlngs of Olafsson E't al, who concluded 

t!lat venU lalion rcmains efficient and 15 not limitcd by the mechanical 

properties of thl' lung durillg maximum (>xcrcist' in normal subjects. 

Pott~r rt nI (124) described a quite diffcrent pattern in 

patients with obstrtlcti~e 1Img discase vhose lower values of PLm8X and 

incrrllst'd alrways t"f>siSlllncl' caust'd cxpiratory flow limitation at lower 
\ 

values of vrntilation. The limit of ex~rcise tolerance wes associated 

wHh.l submaxl1T11l1 IlE'art l'ale, cxc('Ssivf' eXPlra~!iSUrc, and flov 

. 
ratl'Sf'qual to VrMx. 'l1lt'y concluiled that eXf>rcise capaclty vas Ilmited 

by thf' dennRf'd Vf'ntUntory apparatus ln thue patients. Simllarly, 

{Il our nOnM 1 AubJt'cts, f'xpiratory pressures exceeded PLlMx dur1ng 
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maximum l'x.'retsc' at 1. At" a,nd t'xpil"lltory flow ralf'S b,'clll1M' <,qu,li to 

• 
Vmax. Al 7' and 10 Ata. thts rvldf'ncc of dynamlc. a1rways compr p sslon 

. 
occ\lrn·d at lmH'r If'vf'ls of f')(f'rc1sf', mlnutt· v('ntllation, V02 and lu~art 

rate. At th('Sf' lRlU'r d('.plhs. f'xplratory (10'01 ltmitation was observtd 

10 and 20 Sf"c.cmd'i aftf>r the work load was InCrf'Mif'd. Subj(,Cls continued 

(·Xf'Tb.,iSf' tor 30 tü 60 sf!conds beyond this polnt but nf'ither complt'ted 

thf' usu/d duration III that }('Vf·l due to s<,v .. rf'.choklng dyspnea. In 

these ci rcumstancps. explralory pr('ssurt's did Ilot ,'xce('d l'L!MX by more 

than l'i cm" H20. 1\1 cOlltrast f'Xplralory prf'sstlrps dudn~ !-iRC rMnOf'uvres 

at 4. 7 and 10 Ata wcrf' mueh jHf'atf'r even though thp HBC was not difff'rf'nt 

from tht" maximal eXf'rclsf' vf'ntilation. The elrvatf'd PAC02 values durin~ 

Tnr'lximal ('xercise at 7 and 10 Ata contr8st wHh thf' hypocapnia during 

f'xercisf' al 1 Ata and support the notion of ventilatory insutficlency 

al ùpplh. 

1'h.'se r('sulls demonstrate that maxim'll Aerobic capacity 15 

limited by dynamic compr('ssion of intrathoracic airways in normal sub-

jects brcathing air at depths in pxcess of 4 Ata; This OCCUtS primeri1y 

because thp density of agas flûwlng mouthward through the narrowing 

cross Sf:>ction of Intrathoraclc airways considerably r('duces the flow 

ratt' at ...,hlch tht' ah"ways become ufI,stable. It tg 1\ quite different 

mechanism from that limiting exercisp in normal subjects breathlng leu 

densf' gases, whpn ventllatory capacity exceeds the rcquirements of 

m.1xim.il oXYRt>n carrying capacity and tissue oxygen uptake. It a1so 

differs from cxercist> limitation imposf'd by pxternal rt>sistlve loads. 

In tht>st' CLICUn\."Itancf'S, resplratory musclf's maintain v,ntilation by 

gpncrllting 8dditlonal pH'ssurr to a IMxil1llll excurs~ of 100 cm 1120 

(23), yet dynamlc airway comprrsslon dofts not occur. Prpsumably, 

fatigul" of rpspiratory musc1f>S play! • mo~ important role in llmitlng 

-
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('xerclsc during extf·rnal loadln(( than in thls sludYt wherc t"xpirat,.ory 

pres!lun'S in f'XCe89 of 1 S cms 1120 Wf're rarply obsf'rved. In this regard, 

il 19 po!'Ssiblp that conslderably grester cxplratory effort is Rf'nerated 

Ir-~,.... .1 

W""11 Ilow ciln hf' tncrf'I\Sf'd bllt Is n~~.1~f.'nerat('d whpn explr"tory flow 

\ 
i5 ('(fort Indppf'nd"nt. Perhaps npural (f'flf'xes from compressed 1l1rways 

limlt further effort, and contrlbutp directly to the ~~nsatlon of dyspnea. 

Thp ml'chanlsm of f!xf'rclse limitatfon demOll'ltratpd in this 

study 15 slmilar to that obSf'rw·d in p;ttif'nts with obstructive Iung 

rii$f"as(·. Patter et Il 1 (12 /.) sugRf'sted th:\t the observpd reductions 

of Punax hllndfcnps thP5P pati('nts in that (low limit:ttion occurs at 

10w('r f'xplratory effort. Il 15 t'qually tenable that exercisf> vpntilAtion 

in patif'nts 1s primari1y 1imitpd by upstrp8m events (10s5 of e1astic re­

coU'().f ppripheral airw<lys obstruction) which lower MEFR to ll"vels r~-

quirE'd to Si\tl"ly th ... i.r rnctaboUc t"E'qulrements. Theo tht' reduced PIJMx 

15 a consf>qul'nce ot th(' reduced maxlrM 1 flow in relatively normal extra-

thor.1clc ;'l i rway'i (SI"I" Apppndix 4 f P. 223). There may be no difference 
, 1 

in the control of expiratory efficiency between hralth and obstruttive 

lung dlsc;'lSc. in that the samf> lnefticiency 15 demonstrated in bbth 

5 ta trs when Vf'nt i la tory r('qul rE'ments exceed expira tory capac i ty. 

S{'vpra 1 f ca tures of the subm..'l xima 1 work loads a re of added 

interest. At l Ata, th(> t'IlJ expir.1tory"'~osition (EEP) tended to decrease 

at hi~hf'r cXt'rcisf' lf'vl'ls, but th~ opposite trend wes observed at In-

crr3'if'd ambfrnt prcssurf'. For a given exercise level, EEP increased 

proRrcssivelr with depth, (,spf'cially whf>n dynamlc airways compression 

WllS ob~lt'rv('d. PrrsulMbty, pxpiratory effort 18 Insufficient ta expel 
, 

th(" tfdlll volumf' within t'hl' timf! avatlable at that frequency. Thf'se 

chnngt's ml\y compf'nS8tf' for flo'W limitation ln thl" senae that increascd 
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• 
valuesof \faax "ncl ventilation ar~ adricvcd al hight>r lung volumes. 

One priee paid for thl. lmprovem~nt 1, a Rreater Inspirstory elastlc 

work. 

nif' gas (>xl.hang(> ('stlmates at depth l\r(' compllc8t~d by 00 2 , 
accumulaLton in thf' hyperbaric chambf'r •. Inap1rcd CO2 tensions, measured 

dudng the lnst minute of eXf'rcise at each level, are recordf'd in Tables 

22 and 2Jacl jacf'nt the corresponding PAC02 value. Despite this Limi,.tation, 

it 15 rpssonably snfe to conclude from these results that alvcolar hypo-

vpntilation accompani~d thp decreasp in minutp ventilation as depth 

increascd at caeh work load. In "pr!'vious studies 09, 68, 79, 140), CO2 

accumulation at depth was obsprved and attributcd to rf'spiratory depression 

or to the increaspd work of breathinp, den5e gas. 

A ff'ct'nt s tudy dpmons t ra ted tha t the m('çba niea l pow('r ?utput 

of th,.. r~splr8tory c;ystpm in rf'sponsc to COZ stimulation was not different 

at 1, 4 and 7 Ata, although thp ventilation aehlpved was progressivply 

reduced due to th~ incr~ased frictional work of breathlng dense gas (L. Wood 

and A.C. Bryan, unpublished observations). Thi~ explanation was prcviou.sly 

proposrd to account for similar changes in CO 2 response curves during external 

reslstancc loading (106). To the ext~nt that the complicated respiratory 

stimuli from of a glven lrvel of ~xereise CAuse a fixed inspiratory power 
" 

at aIl dcpths, eXf'rcise v<,ntilation must dpcH·!tse as gas density incrf'au·s. 

5. Su~rv and Conclusions 

Transpulmonary prpS5ure, 1unR volumt.' and flow ratt> were recorded 

in two hralthy subjects pf'rfonfllng gradp.J cxerc1st' bf'twt'en l snd 10 Ata. 

At simulatt'd dpl'ths grestl'r then 4 Ata. t'xercise was tt'rminated by severe 

choking dyspnp8 at lrvcls of work. oxygen consumption, heart rate and 
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• \ , 
ventilation slRnificantly lowtlr then duriP8 ma.dmo1ll exerclie at , . , , . \ 
1 Ata. Compa rhon of exprcis .. vent~atory mec,ltIinlcs w{th correspon-.. , 
ding MEFVand IVPV curvps df'monstratf'd that the reduced Aerobic . .. 
capacity w.la assoclat~d w{th maxLmum ytn~l~tion. This occurred , . 

. . 
because incrf>aspd ga-s density reduced the expl,ratory flov rate at 

~ ~ 

whieh flow I1miting t:ransmurai s>reésures dCYf'lop aeross Intrathoracie 

ai rways., At each 1 evel of submaxima 1 exerc Ise. end~expira tory pos !tion 
o 

and al yeola r C02 tens ion i ncreaSP.,d with amblent pressure due prima rUy 

to the density depf'ndence of airways resistance. ln thesc respects, 

healthy subjeets breathing dense gas rcsemble patients w{th obstrue-

tlve lung diseast. . . 

.. 

• 

• 
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G. A l'PENU IX 

ln condlltons of stf'8ùy InmlnRr t 10.., through n sin~lr con-

duct1n~ f'1'.'mf'lIl, v(·lo<.ll{rs nNIt" thf' C"ntrl:! of lh,. tubf' ('xceed those 

ncnr tb .. ..,.111. Wh!'11 lllP pll'55Uft" drivin~ flow te; sinu501dnlly oscil-

laled at InLrNl'iinp, trl'quf'nclC's, con' (low evcntulllly begins to lag 

circumc;lilnrl'S, il )'.',tf><ltf'r proportion of th€' tlo.., occurs ne81' th", walls 

whf'rf' thf' sh"ar ratt> is hip..h, 50 that total flow per unit pn'ssure 

df'Crf'llSPS rl'Iallvl' lo stcady flow conditions. The ma~nitudp of this 

disturb.,nce ot 1 hf' boundary layf'r rf'lativl' to its stf'ady flow thickncss 

may bl' c1l1cllllltf·d accordin~ ta Worm(>r s l"y (167) from the f'quation 

(6) 

-1 
whf're r 15 lllbf' radius (cm), w 15 ... n~uhr CrE.'quency (sec ) and Il is ~/ 

gas Idnemat{c viscosity (cm2/5PC). Whf'n the dimensionless parameter 

Il exceeds ,l valu(> of l, o'icillatory rC5istance exceeds that durin~ 

stf'ady f luw. Ely this analysis, s{nùsoidal brclHhing at 10 cycl<,s pel' 

m1ntltt' '-iHISI'l> a ~!).!niflcant in('r~asf' ov!;'r rcsistanec lO ste3dy lamlnar 

How in tlH' tlitclH'a and lar~t' bronehi (25). 

lIow('v,'r. thf" boundnry layf'r of flow in frequently hranchln~ 

• 
tubrs is mueh If'qs than the tub<, radius. Accordin~ to Schroter and 

Sudlow (1I~)) t'qUo'uion b may bl' rewritten to solve for an analo~ous 

pRramHpr, n hy Suh5titutin~ l;ounclary layer thickness (r 6) for radius • 

(6" ) 
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80undary layrr thlcknt'SI Cor'. Jl.lvf·(1 stf'/ldy t low rot,· !My bl' f'stlmatf'd 

accordl"R to P(·dlf·Y ('l al, (119). 

r 6 
• 5 

(2 }.I xl p Un) (7) 

WH'[f' )( is rhf' axial dislanc(' (cm) downstrl'llm f rom ttw bifurcntloll. and 

Uo la lhe Fas Vl'lOt lty (cm/sf'c) ln th\! core of th(' lutH' (c.R. outsido 

the bounrf",rv lnyrr). Assumlng UO -- aV('II\IU' vf·lodty (11). ('quattons 

6,} and 7 Itrl' comhtlH'd ln .,lvf' 

B 
•• 5 

- (2 w x A/V) (8) 

Whf'ff' A 15 th(' c.ross !)('t:tionlll I\r(>1\ <cm2 ) of the tubt' and V == A • U. 

Sinct' r8« r for mORt of th .. bronchial trf'(' (119), thl.' assumptlon Ua U 

introduc('s only Il s1i~ht und"rl'stfmation of fi. Note that ('qu.JUon 8 

must bt' r('p lacl'd by è'qua t ion 6 when r lJ -:: r. A comp" ri son of thl'sf" two 

eqUcltions rf'v('"ls thal th{' efff'Cl of pf'rlodic flowon resistance ln fre-

qUE'nlly l.Jranchln~ tubes differs in several respects from its effect on -

rf'sislancE' to fully devf'loped !amloar low. The term, B , 15 independent 

of gas physical propcrti('s. In a givPtl ain.my gpneration, n varies 

ir'\vpr'('ly as thp squa['(> root of flow ratE', and incrcllst.'s with distance 

from the bifurcation. Thus, those paramE'ters which increase bronchial 

r('sistanCt' hy plomoting a thtn boundllry layer Also cause this resistance 

to be lrss affpcted by [low oscillations. 

The solution of l'quatton 8 for 2 to 8 mm ai['ways in Welbel'. 

lunR modt'l (A'x =.= 4) allows s('veral predictions of the effect of perlodi~/ 

1 
flov on bronchiAl rf'sistanCl' (Tetble 2). At ± .5 Ips, rt>sistance is 1 

. 
unintluenccd lJy frequ('ncy (8< 1) to 10 cps. At 4 cps. B< 1 vhen V>.2 

Ips, but Rt 50 and 100 ml/sec. valuf'S of B Are 2 and 1.41 respl'ct1vf'ly. 
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Accordtnp.ly, the rf'ststft.nce mf'Il,Utf'mf'nls reportf'd ln scctions A and 

B lire f>qulvIIIlf'nt to IItf'ady Clow rf'"htallce lf f'quatton 8 • df'rived from 

a hUlMn airwny modl·l, appllf'1I ta tht' bronchhl tn·c ln ltvlnp. hUlMn and 

dOR I\1Q~s. Tht> simllarity of Rl p mf'llsuremf'nts ,1t 4 CpR Ilnd At rf'SOnAnt 

frf'qUt'ncy conrlrnathls/predlction for the dOR (!Ire Sr!ctf.on A.). It 

Rhould bl' nOlpd that lf "qwnton 8 sl1ghtly Undf'reRtlm.llf'S th ... l'ffect 

of p"riodie flowon human bronehilll t"s{c;tancl', P-V curvf''l d\1r1n~ oscll-

lntlon would !.H' more' l1nf'ar than durinp. steady flow, and thf' cfff'ct of 

flow rate (K2' 'AI) on rl"SistAnce to c;LNldy bronchial [Low would be under-

f'stf.lMtf'd (s(,f' Sf'ction 8.4). In lMn, total pulmonary rcslstancc 19 in-

deppndent of frf'qupnLy to 5 cps. and dpcreasf'S slightly Ilt hi~hf'r frequpnci~s 

dUI' to p.lrnllf'l Re (n('qualtti('s (81). Sinef> nsymhronous ven.tilation 15 

Rreat~r durlnR Jvnsf' gas breathlng (see Section C.4), thl' etff'ct of gAS 

density on bronchlftl rf'sistance l'My be underestimated at higher brl'<1thing 

fr4'q~enc1es. 

2. Estimatr of Regional R{'sistance From Regional Lun! Expansion 

In order ta mak .. a quantitative prediction, a tineal" reiation-

ship bl'twf'en lover llirway conductance (G1aw ) and over-all lung volume 

weI definrd by zrro conductancp at minirMl air volume (20," TLC) and 1.67 

(Gl av -- 1/0.6).!It ntC (507. TLC). Thus 7. TLC"'- 18 Glaw + 20. This re-

gression closely approximates publlshed relatlonships between lover 

pulmonary reshtance (Rlp) and lung volume (157). vhere Rlp 1s about 

.6 cm "20!lps At 50'%. TLC. For ~Ach compartment> in a tvo-compartment 

model in paralbl, '%. TLC r ... 36 Glav + 20. Comblnln[l this latter equallon 

with the mran relationship betve~n re~ional expansion at FRC and distance 

(0 cms) down the lun~. (rel. 21 Tabl~ 3) the foLlovin8 e.quatiun va. found: 

of the 

1.( - 0.033 O. 
tvo compartments 

Thul knowing the distance down the l\1ng for eAch 

th. corresponding resistances could be calculated. 
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However. as • t'rWAYS to Uppf'f (7. ~ cm) and lowe~ (27. S cm) ref(lons 

dlvergf' èuenlla lly from ttw hllum. the pf'rt lnpnt distances ~ 1 be 

clbspr to the hllum than to th" correspolldlng reglons. Values approxi-

matf'ly on .. hllllf wny nlonR th .. pAths w('r" Ilrhltrnrily considered to re-

prt'sent th(' m('an dfect ol rt'glona 1 expansion on rpslstancr. Thus, 
t 

3. Distribution of Jnspin-d CIls in 1) Two-Compart.ment Lung Mod ... l 

1. COI)..t;tant f1ow.~'-.. t,h·Rlf'ctinR inertla. the distribution of 

a constant flow (Vs) to r3ch of lwo parallel viseo-chstie pathways of 

Il lung mod .. ! (Fig. 36) may bp calculated according to rquation 10 of 

Pedley et al (122). 

where 

and 

v (t) su = 
C • -St 

__ l_1 _ + Vs A exp 

Cu + Cl 

A - (RiCl - Ru~)f(Ru + Rl) (Cu + Cl) 

B = (Cu + Cl )/CuCl (Ru -t RI) 

u, 1 denote upper and lower compartments 

(9) 

C ls the complian~e of the volume elastic elements (l/cm "20) 

R is the resistance of the parallel conductlng parts (cm "20/lp.) . 
Vsu(t) h, the'. instantaneous flow Ops) ln the upper pathway at a time, 

• 
t seconds. after the start of V. (lps). . 

The instantaneous flow ln the lower compartment, Vsl(t) is slmilarlYI 

. 
- Vs A 

-Bt 
Vs exp 

(t0) 

The volum .. of thl' upper compartment as a function of time (Vsu(t» 1 • 

• 
obtalned by tnt('grating 4'quation 9 and assumtng Vsu(O) ... Or 

-Bt 
A(exp 

8 
(11) 
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, and 111111. rly for th .. low .. r compa rtment: • 
.. .. 

• 
[ C t A(e'x~Bt -l~ V.I(t) :: V 

Cu ! Cl ' 
+ (12) s - 0 

B 

Tht" dis~ri,bution ra t 10 of gas to tht' two cOmpA rtments between 

J l, " 
time tl and t2 t thf'n ~lvp.n by: 

l. 

1 

(lJ ) 

which can lJe solvf'd using equations 11,12 and known values for t2 and tl. 

b. Ramp flow. Equation 9 lMy be normal1zed for a unlt step 

flo~ input and writlen: 

. 
V (t) = 

su 
C -Dt 

u + A exp 
Cu + Cl i 

(14) 

Thp. unit step respon$e i5 integrated to determine the response to a unit 

ramp flow input (Vr ) • For any ramp input of slope H 1ps2, we multlply our 

result by H. (1 

Vru(t) :J [ Cu -81 = + A exp dt (15) 
Cu + Cl . 

~ where Vru(t) ls the instantaneou. flow in the upper pathway ln response to . . 
a ra~p flow input. AIso V~u(O) = 0, 50 

(16) 

. 
Similarly the flow response ln the lower compartment (Vr l(t») ia give~ by 

(17) 

The volume of the upper compartment a. a (unctlon of time 
, 

! (Vru(t)) is found by Integuting equation 16 and assuming Vru(O) = 0: 

• (18) 
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and simlla rly ttll! volum .. of the lover compa rtmrnt (Vrl (t» il: 

( -Bt ~ A exp + 8t -1 
-2 
B 

(19) 

nw distribution tRtio of Ras t~ the Iwo compl1rtmcnts between ti"'" II 

and t 2 i9 tben g{vf'n by: 

v (tû V (tl) 
rll ru 

Vr l(t 2) - Vr l(tl) 
(20) 

Equation 20 was solved for tiu' distribution of ~th(> 5(>cond 100 ml in 

our mod~l, using ,f'q\lations 18 and 19 and th,.. fo11ow1ng values of H. 

tl and t 2,. M was detrrm1ned for NlCh flow rat(', defined as the average 

flow (V) durJng thp bolus distribution • 
. 
Vr -- Mt 
r 

50 V - M (t 1 + t 2 ) 

2 
.-

and M - =J. V (21 ) 
t l + t 2 / 

a 150 V = Mt 2 
r -

2 

Therefore, the Une tl for the first 100 ml ta enter h ~ 

and t 2 for the first 200 ml to enter i5 

i n (' qua t 1 on 2 1 : 
.2 

M - 3.4343 V 

V· 4/ M or .J2 tl. Substituting 

It should br noted that this value al M is spec~fic for the distribution 

of the sreond 100 ml inspircd, and M must be rccalcu1ated ta solve for 

the distribution of other portions of the inspirate •. 

The solutions for equation 13 and 20 are co~red in Fig. 26 
\ 

and discussf'd in Sect ibn C 4. As t 2 -t 0 of equl1 tion /20. t~en (t2 - t 1) 

approachrs zero as welle ~ccordinRly, cquation 20 can be vritten using 

partial differentials. 
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dV 

Vl"U 
---!}!, V 

lim .. dt dt = ru (22 ) 
t2 ···0 Vrl dVrl dt -.-

• Vrt 
dt 

Thr limft of F'quatlon 22 88 t 0 ls found by sub<;titutfn~ in rquatlons 

16 And 17 and IIsin~ 1 tllospltal's rulr, whlch yirlds 

lim 
t -·0 

V ru .-
~ 

Vrl 
i 

Comparison of ('qualion 16 wlth f'quation 11 And o[ cqulltion 17 with f:!qua-

tion 12 rf·vrais thAt thdr only dlfferf'ncf' te; the dimension of th~ constant, 

M. That t'i, th/" fIow rI'~ponsf' to 1'\ 'ramp tlow input 1s of thE' same form as 
", 

thf' volume rf'sponse to ;t step input. Thercforf' , 
• 
Vru :::: V 511 

Vrl Vs 1 

It (oll6w5 that lhe limit of ('quiltion 13 as t-O is identical to the limit 

of eqllation 20. 'Chf' limlts of th('se samf' ~ttuations as t-.OO are obtained 

f rom equa t 10ns 11 and 12, 

Hm Vsu C 
== u 

t-+ (XI V$1 Cl 

and from equa tians 18 and 19, 

lim Vru = C 
u 0 

t-+ 00 Vrl Cl 
o 

According1y, the distribution of both step and ramp flow is proportional 

te compliancc as t-H}t' and inversPly proportional to rE'sistance as t-O 

(sec Figure 26). 

c. ExpE'r1mental flow. The mathemat,lcal description of the 

expertmental flow-lime pattern observed during the experimcnts described 

in Section C (H - RO l ps 2 Iollowpd by a constant flow) was difficult, 50 

an c'lpctricnl analogue of the l\ln~ model was construeted. In additIon to 

rlovidiog thp solution, 80alY815 of th~ response of the analogue 

proved Inst ruct iv(' reg8 rding th" nM'chanhm of pa ra lIel dis tribution 

• ,-" 

of gu inspirt'd dudng a change! in VI. The analogue atudied la ache-

matlcally 111ustrated in Fig. 36 adjacent to tht' correspondlng mechan~ 
, 

leal lung model. Upper and lo~r pul.anary pathuay. are anatoloua to 
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• t",o-rf'sislor (R) - cApaclLor (C) circuits in pRraU .. l. When the " 

. 
8witch !s closcd (t -:: 0). Il currcnt (I) analogou8 lo Il flow (V) is 

applied tn ttw nptwork, and the chargt' (Q) on each capncftor at ftny 

t tmp aftf'r to 15 analoRous to thf! volume chanRf' o~ l'élch r('gion. This 
1 

l'My be calculnted. [rom thl' mcasured voltag" acroilS each capacitor (Vc ), 

sincp Q - V(..C. nIf' paralll'i capAcitors are approximatf'ly eqU:ll and / 

havp the ('qulwdf'nt m{'<..hanical dImension of .1 l/cm H20. Thf> parallf'l 

rpsistors an' \Jnl'quAI and 5caled to the cquiva1f'nt mpchanical dImensions 

ol 1.0 (Ru) and 1.8 ('V) cm H20/lps. The 10wH panel ot Fig. 31> l11u5-

t rat~s lIa· rf'~ponsf' of the nl'twork to a constant current input (15), 

so th .. followlng dpscription and explanation are completely analogous 

to the r~sponsp of tht' lung modpl to a constant flow. 

Upon L!o!JUrp of the switch, V (upper soUd 11ne) inCre8Sl'S 
cu 

morl' rapidly thnn Vc1 (lower solid line). Both lines are curvilinear. 

th~ upper belng concave and the lower being convex to the timp axis, 

such that .-ach becomes parallel to the dashed Une of identlcal filling 

at about 500 msec. (not shown in figure). Thus, the ratio of the voltages 

in th~ parallel circuits (broken Une) 15 initially about 1.8 and decreases 

with tim~ tn approach a value of 1.0 b~yond 500 msec. The parellel dis-

tliuution of a portion of the charge distributed between tl and t2 ls 

units, thf' distribution of the spcond .1 litre insplred at a constant flow 

of 2 Ips ocellrs bf"twHn 50 msec. (tl = .1 lltres/21ps) and 100 msec. (t 2 = 

.2 litns/2Ips). From Fig. 36, thE' distribution ratio 15 <.8 - .4)/ (.56 -
" 

.2b) or 1.33. At.2 Ips (t l = 500 msec.) the parallel Increase ln Vcu 

• dlstrLbutf'd to thl' upper reglon at 2 1pI than at .2 lps. 

th(l bolus h 

1 
and Vcl gives a distribution ratio of 1.0. Thui. more of 
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l 
00 100 

1-00 
200 

TtME ( msee) 

Schematic diap.:ral'l\ of an electrlcal analofi'; (upper left) of a two compartment 
lunp' model (upper rh:ht). &tch parallel o'l.thway in the Illnp model conststs 
of a corouctinp' element havjnv resistance (HU, RL) in series w!th Il volume 
elast' c elel'lent havinp cOl'lpliancA (CU t CL). Thes", are an:tlopous to two c1ec­
tron1e resistance-capacitor circuits arranv.ed in parallf'tl. Upon closure of 
the ~witch~ a constant current. I s , Analogous to a con!'!tnnt flow (Vs). i9 
applied to the network. 

The measured res'fjlOnse i5 plotted in the lowet' panels 1eft ordinate 18 
vol ta~e on thll eq'lal capa ci tors, Analo~ous to volume chanf'e in the two COM­

pa rtm"n'ts of tho IHn~ mode1 J right ordinate ls tho ratio of circuit voltapes. 
MlalOIlOUs to the ·ratio of rep;ional volume chari~es, and Ume followin~ the 
~witch closu1"o is on the abscissa.. In1 tially. 1"ep:1.ona1 current t9 inverse­
ly proportional to rel'10na1 resistAnce, but this transtent departu'ra from 
elastic equilibrillm decays accorôln~ to the ti..J!le constant, R'e'. Ilnttl cur­
ront 15 distributed according to the 1"e~\.onal capacitors. (For full deR­
c-ript{on,.see nppend\x) • 

c 

( 
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This rrspon!lc of the network, hrnce of the lung modl' 1 , 19 

f"xplairu·d as follow8. 8f'fore thr switch 18 closed, th .. pArallel 

circuits Arp balancrd (Veu -.., Vel ). nU' instant the 8witch is clospd, 

15 dlvldrs lILcording tn thr parallel fC9i~tor5, 'JO thnt lu ~ 1.8 Il' 

Accofdlnr,ly, VCll translf'ntly incrcascs mOff' rapldly thnn Vcl ' and the 

voltllgf" drop aelos'J ~ dpc(rllSPS rplative ~o thllt lIero!>!> Rl' This Is 

pqlJivalf'nt tü saying that lu dflCrN1Sl'C; wUh Ume until lu·- Il' Thrre-

aftH. 15 i .. rqulllly dlvid,·d a<.cordjn~ to the l'quaI cnpacilors. which 

SlIb'>f'qurntly till synchronously. Thus, a dynamic balance of thf" parallel 

circuits is f'stablishrd whrre Vcu f'xcrcds Velo The time con!>tant of 

thr transi{!nt Is R'e', Whfrf' Ht is thr addition of Ru and al in series 

and ct ie; f'quiva t('nl capacitance of Cu and Cl i.n s('rles. Thus, R'e' 

15 th.- lime con!>tant of Il lr,illsipnt currrnt from Cu through Ru a'ld Rl 

to Cl' ,Inu is thl" rl'clprocat of B in E'quations 9 - 19. What 15 actually 

happrning in mechanic3 L tf'rms 1s a transif:'nt overinflation of the upper 

rE'glon that elf'vates Pel u above Pell- This pressure difference redis-

tributps the in(low away [rom the upper regton toward the lower region. 

Although the transienl duration Is independent of VI, VI 1n-

flupnccs the lime it takrs for a bolus to reaeh the lobar bronehi. For 

a Rivl'n averagp vI' this limf' 19 longer for a ramp thnn for a constant 

11ow. Slnce this Rives more lime for thl' f:'xponpntial terms in equ8tlon 

18 lo die out, onl' might pxpcct the ramp response to reach tllf' compli.ance 

dctprminrd limil at lower [low5 than the step response. Howcver, [csults 

trom thl' moud prove thp opposite (Fig. 26), presurnably becaus(' the rising 

(low of thr l"amp Input continuously applies Il nc,,! driving lpvel to the 

sy'ltf'm. AlthouRh th .. trans1f'nt tpEms of rquation 18 ofr out E'xponentielly, 

th~ MAt-tprffi'J do not. 'OIPSf> compon('llts repreSl'nt the rl'sronse to the 
'8 

chRngLng drive and rt'sult in th. distribution of ventilation belng sllghtly 
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more fiow sensitive than during constant now coJ!!fltions. Since our 

expemental flow-time profile was a combination of a ramp and a step, 

the response of the l'Iodel to that profile WAS not detecbbly different 

from the constant-flow response for the values used. 

4. Frictionsl Resistance to l'1.ow Down~tream from EPP 

As discussed in Section F 4, the airway during forced expiration 

lB divided by EPP into upstream and downstream segments (103). Reslstance 

• in these seroments may be calculated as the ratio to V max of Pst (1) (Rus) 
1 

and Pl ( Rd s ) • 
) 

Impliclt in the considerations of Pride nt al (127) is a rurther 

~ 
partitioning of the downstream segMent into 1) a length axtending mouthward 

from the site of airway instability (flov limiting segment - FLS) and 

2) and a len~th between EPP and FLS in which lateral intraluminal pres-

sure becomes negative with respect to pleural pressure by an amount equal 

ta the threshold of elastic stabllity (Ptl1l') of the alrway (Fig. 37). At 

the onset of flow limitation, the downstream drïving pressure (Pvmax) is 

the sum of f'tm' and the resistlve pressure drop (Pd') from the F1..S to air-way 

opening. Accordingly, the inverse slope of the relatlonship between PLmax 

and Vmax 15 tho resistance (Rd t) dOW'nstroam from FLS, and the zero now 

intercept i5 Pbn', (provided ptm' does not change with lung volume). 

As shown in Fig. J8, the saMe linear relationshlps exists be­

tween PLmax and Vmax at all depths, indicating values for ptm' of about 

10 cm H20. These values are consistent with previous estimates of ptm' 

(127). The fact that downstream resistance was apparently independent 

" 
of gas density and now rate implies a lanlinar fiow reg1llle. This i8 

qui te surprising sinee Re in large airways during Vmax are exceptionally 

high. One possible ex;planation i8 that because Aao » AEPP, PLmax ùnder­

estima tes the frlctional losses downs~am from EPP by the amount of 

pressure stored in gas velocity at EPP and converted to lateral pressure 
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FICURr-: J 7 

... --------------- P alv' • 

\ 
...... 1--------- P st (1) ------, -.. .. Plmax -----. 

""- Ptml~l. Pd' ---... 
EPP FLS 

l l 1 
Pao 

Schf'l'Oattc tllustration of etrways ,pu' •• ure drop et onset of flo", 
limitation. Alv .. olar prp.ssure (Palv) equals Pst(l) + Pt,max. At 
points (EPP) along airways wh('re pressure losses equal Pst(l), 
Iateral intraluminal pressures equal PlJMx', which drive, Vmax 
throu~h downstream segment. Where lateral intraluminal pressures 
become ne~ative relative to Pumax by an amount equal to thresholq 
of f'lastic stabllity (-Ptm'), flo", limi.tl:ng airways in,tabil1ty 
occurs (FLS). thuIt PLmax = Pd' - Ptm~ 

1. 
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_. gAS deceler.tes. Thla pressure (Pc.) wes ca lculated for each lu1'l& 

volunae and gas denslty IS follows: 

• 2 2 2 
P ct! ::.:(PVmax /2p.) ( l/AEPP - l/Aao ) 

The sum of Pca' and PLmax is plotted aRa Lnst vinax in Figure J9, illustra-

ting the expect~d lncrcase in downstream' frictional reslstance (Rds ) 

wlth gas density. 

The model providps one explanation for the relatlonshlp bp-

tween PUnax and VL. As hmg volume decr,eases, Pst (1) decr('ascs with 

lung volume 50 that vmax' decreases even if Rus is indep('ndent. of volume 

(103). To the extent that EPP rpmain in second or thlrd ~enerat1on 

airways from 75 to 251: VC, there is unl1kely to be any major change 

ln Ptm or Rd'. Since pl = Vmax x Rd', there will be a reduction in Pd' 

corresponding to the reduclion in Vmax. It iB less evident why PLmax 

decreases at the same lunR volume as gas dE'nsity increases, but several 

explanations are considered. L) Because Vmax 15 invp rsely related to 

the square root of air density, any flo,", regime in the dOWTlstream segment 

• having less density dependence will result in a smaller Pd. Conslder 

as an extreme exaillple a lamLnar flaw regime. 

pl = K.p.Vmax 

where K is a constant contain1ng geometry of the downstream segment • 

. 
When Vmax decreases at increased ambient prf'99Ure, Pd decreases accordingly. 

At the opposit~ extreme is orifice flow, 
, 

Pd ::: 
2 

K. Il Vmax 

. , 
Now when VI'IlIIX 15 reduced by the square root of gas density, Pd remains 

, 
constant. For intermediate flow regiml's, e.8. turbulence, Pd must de-

crpasp. as gas dl'nsity 1ncreases. il,) If EPP !DOve downstream as depth 
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FIGURE 38 

lubled LW .... , AC.I 
Pc. "'U • 11.0+ 2.0 V Mu. • PL ...... 100 + 3 ev ...... 

• 

• • 10 AfA 
• J.o AfA 

a .... AfA 
& .... AfA 

• 

O·~o~----~----~·----'~----k~ 

PLmox 

RelaUon.htp bt'tw-een Vmax and PLmax for 2 subjects at l, 2, 4 • 
and 10 Ata. Valu~s at e.ch ambient pressure obtained Erom IVPV 
curve. tor 90.75,50 and 25'4 VC. Regression Unes (p<.Ol) are 
drawn (for discuuion, see text) • 

, 

,j 
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FlGURF. 39 

;' 
\ 

~" 

10 10 

A.C.B. • L.W. 

/ 
/~. Vmox hl6

, 
(Lps) 5 5 , . ~: 0/ ATA 

W· • "0 .~ A Z'O 
04·0 
xiC)-O /1 

1 

" 
0 20 0 20 40 

PL max + ~cd (CmH20) 

. 
Relationship betwP~n Vmax and downstream flow resistive pressure 
drop (PL'nax + Pca). VallJ~s arc identical to those in Figure 38 
excfpt fot' correction of PLmax w{th Pca (for discussion, see text) • 
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, 
incr .. e.l. the dovnatre •• a.s_ent ahort.ft~ end Pd la reduced. 111.) 

.? 

ptr/.y be reduced a. amblent prellure ln~re •• e. due to a lteratlonl 

in bronchlal tone. It la not cl.et fro. thl. etudy which of the.e 
" 

mechantaDa la operativp. 
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CUA P'fER V 

CONGWS 1 ~S 

Lowrr plJ)roonAry rl'sist<lnl.c incrr'ASNI wilh gas df'nsity 

and flow l'atp brC<lll<;p tlll' luquf'ntly branchln~ pattern 01 thf' 

bronchial lrc,' pH'VI'llts growth of J.1minar boundary l.lyprs. In 

thf' dOR, this ml'chanism of flow rcsistatl( .. ~ pn!dominates in tht' 
/~ 

~. ,s~gment proximal lo 4 mm tlirlomys, bUI in pl'rlph('r:d·S\t.rway~ whcre 

Rf><lOO, gas fl014 15 Inmlnar. Rathf'r lhan two discrf'tf' Flow TrF.frnrs, 

. 
it is likely th"t flow patterns tlmkq~o a continual m{'tamorphosis 

as 1< .. dt,crf'asf' IH·tWf'en trac.hra and alvf'ol1. AccorrJingly, Ilirways 

rl"sistancf.' ig. not drs<..ribrd hy any singt" fluid dynamies rquatton, 

. • a a l-a bllt may hc expIa inrd by thl' fr·ner" 1 rC]uation, R =- K V P IJ. , 

wtlf'rro 'a' n'(lrocts th€' proportion of inrrtlal to viscous pr('sSUTf' 

10551'<; .1nd V:ll i"s l'I,tWPl'n 1 and 71'rO Aceording to Re. To the cxtent 

that p('riodie flo'''' incTf'as<,d Rl p ' nl'itheT the gf'lIeral equation nor 

Rohrcr's cqultion wrrr d~finitlvely tested. 

The pattern of rf'glonal redistribution of inspired gas 

wi th flow t'atr supports an rxplanatlon based on regtonal time constant 

dif(rr('llces. By inc'('('asin~ parallel time constants through its effeet 

on lowl'r pu 1 mon..1 ty rt'sistance, Rrcat('t' gas dcns.ity increased the flow 

d('prnùcnce of rf'gional v('ntilation. TIle dynamic dep.trturc of lung 

.. rc~ions from thE'ir statle elastte "quilibrium appears to be opposed 

by forc('s/cncratf'd through th ... mechanieal interaction o~ lung and 

c1H'st wall. Sine!" it occurred at flow rates a9 10\1 as 0.5 Ips, such 

Jynamlc rf'dlst>ributlon I\c.counts fot' a consid('t'ablc Ch.10gf' from th .. 

complfancl" drtcrmintod v(>ntllatlon of vf'rtical lun~ r"sions durinR 

qul('t br('athin~. Similar Clov ùepf'ndf'nce of ~as distribution llkely 
'0 

().Ccurs b,·twf'en parallel units of pf'riphcral lung segments. 

" 

(~ 
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Regional concentration dlf{,..renc~s influence the explred 

concentration vs volum.· rclatlonshlp such thal "closing volume" la 
.. 

systNMtically tlnd('rf>stirmt"d wh .. n U/L< 2. Slnce thE' alveolar platf'3u 

was horizontal whf'n U/L ~ 2, Hg upward slope followlng a single 
". 

brcath of oxygpn probably rrpreqents sequf'ntial ~mptylnR nt parallel 

intraregional units hilving concentration diffcuncl's> 2:1. To the 

l'xtcnt that ail nlveoU arf' th,. same s{z(> at TLC, th,.. dlfCPrcnt con-

CPl1lrntiolls prohaLly arise from intraregional variations in alveolar 

sizc at FRC. 

" Gns tlpnslly improved the'" pulmonary cxchangc of oxygcn by 

. 
rcducing intrêlrpgional VA/Q variance. Although thf' distribution of 

inspirt'd gas may hp influl"nccd by differences in dcnsity dependent' ~ 
time constants of paralhl units, two other cxplanations arE' tl10ught 

mor{' likely. Impitl\"(·d inter-Ras 'iiffusion on SF6 may incrcase stra-

tillcation of alvpolar O"<ygf'n concentrations, thcreby matchlng stra-

tifi~d perfusion. Alternatively, by pnhancing mechanisms responsible 

for intraregional cardiop,f"nic gas mixing, greater gas density may 

reduce parallcl inhomogeAf'ity of gas tensions. 

~~ximum f'x~rcise is limited by expiratory compression of 

inlt"l\thoracic ait'ways in Iht'81thy subjects breathing air at depths in 

(,XCI"SS of 4 Ata. This occurs primarily becausp the increased density 

Q of gas flowlng mouthward through a diminishlng cross-sectional area 

reduc("s thf' ITOw -ra tf' ât which flow limi ting transmura l pnssurt's 

d~velop across the air~ys. Ouring submaximal exercise, C02 retention 

df'velops as gas dpnsity incrcas~s brcause a greater proportion of the 

work of breathln~ ls rf'quired to OVf'rcome flo", resistance. In these 

two aspects hralthy subjects brrlthing dpnse gas resemble patients 

with obstructive lunR dl~easf'. 

,. 
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