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ABSTRACT: 

. -
In order ta assess 'the relat~ve distortability ot the 1ungs and chest .. 

wall, we eannulated one lung in intaet anesthetized d~g\~nd starting at dif~ 
.J 

terent lung volumes (Vt), intlated one lo~ with known volume increments 

(+AVx) using positive pressure, leaving the other lobes free.to change 

volume (+ AVy), 'i.e. 1nflate or-defl.te. If the lung were very distortable 
- 1 * . 

f'" -(liquid-like) AVy wou}.d equal - AVx. If the chest wall were very di$ort.fble, 

" AVy would equal zero. a If neith~r were distortablé, Avy would 00, very much 

greater than .zero. At low'Vt, AVy max was -12.5% of AVx "max. At high Vtt' 

ta Vy m.ax was zero. Measured pleural surface pressure differences between lobes 

were large. Results' indicate. that. 1) lung distortabllity decre~ses as volUll1e 

inereasesl 2) the pressure co~t of chest wall def~rmations 1~ s~bstantiaÏ and 
0) • ,,1 

results in marked regional differences in pleural surface pressures • 
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RESUME 

, fJ 
Dans le but d'évalue~ la distorsion ~~~ntrè l~ poumon et 

. . 
'la cage thoraQique,·phez,d~s chiens anesthésiés, ap~s canulation d'un 

" 
pouaon, cOl'llll8nçant ~ des niveaux pulmonaires (VI}.,variables un lobe est 

gonfiée l différents volUl'/les (+ AVx) alors. que les aùtres peuvent ,arier de 

façon pas~ive (.:t AVy), i\.e., se, gonfler ou se dégonfier. Si le8 pOUll1ons 

sont t~s défo~abl&s (co\llll1e ,un li,uide) AVy sera égal l - AVx. D'autre . 
part, si la c~ge tnoracique est tn-s défo~able, AVy aèra égal l .zero. 

Enfin si aucu.n n'est déformable, 6 Vy se'ra plus graad que ~ero. À bas volUllle, 
1 

AVy mAX est -12.5~·de AVx MAX alors qti'l haut volume, AVy max est égal l 

zero. Les différenèes de pression ple~rales de sUrface entre les lobes 

étaient grandes. Les résultats indiquent quel la déformation pulmonaire 

, 

est inverséllent proportionnelle au volUlll8. Le codt (tn pression de la défor-

'mation de-la cage thoraciq~e est substantiel et se traduit pour la pression 

pleurale en des différences ,régionales marquées.-, 
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Chapter 1 

INTRODUCTION 

statement ot the Problem 
. 

The mechanical events ~rough which foroes are applied to the lung 

are basic to resplrator,y physiology beeause they produoe ventUation and de-

termine in part Us distribution within the lung and the work of breathing. 

In conslde'ring ventUation distribution, a paramet:er -Ot utmost interst la the 

local transpulmortary preS'sure (PL)' Since pressure at 'the airway opening 
, . . 

(Pao) 18 ea81l~ measured, local pleural pressure (Ppl) over:tte whole . surtace 
c .... 

ot the lung becOIl8S the unknOwn par&Jll8ter. A. nUlllber of techniques both direot 
," 

and indirect have explored the topography ot pleural pressure but n~ne have 

yat been universally ao~pted. A. briet review ot the varlous ,techniques used , - \ 
wUl be presented, tollowd by some theories ot pleu~ space _chanies. 

Since the study ot machanics ul tiJUtely leads to SOM tom ot stre'ss analyais, 

lexperiments are described whioh atte.pt te qualltatlvely ex"'.'1ne the distor­

tabllity ot the ,lung relative te the ohest wall. 'lb" distortabUity ot these 

twç structures wUl have an important 1ntluenoe ~n looal pleural pressure and 

ventilation distribution. 

~ 
Earlx Measurements or Pleural Pressure 

Carson (8)' in 1820' .wu the tiret to _asure the '.lastia reaoll of the 

lung. '!bis waa done on a cadaver by COllMoting the trachea te a water uno-

_ter and observing the positive pressure developed when the thorax ,was tpened 
, , 

to the atmosphere. Von Neergaard and Wirs (9) obta1ned .aaureMnts ot 

pleural' pressure on un in vivo by punoturing an intercostal spao. and ua1.ng 

a pleural oannula te .. asure th. pressure in a re~at1ft17 large pneUllOthoru. 
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( . 1 

Tho size of the pneumothorax vas 1noreased from 100 ta 1100 ml to yleld data 

at dlfferent lung volumes. Christie and MoIntosh (9) revlewe8 the work ot 
, 1 

these and other p1oneering'investigators, d1soussed the1r relatlonship to 

f pulmonary elastic, reooU and gave evidenoe that, wltp the teohnique of measur-

ing pressure in a large pn8Ul'l1othorax variation of severa! cent~ters of water 

weZ to be expected •. They used a pleural cannula, 100 cm of tUbing and 

séveral water manomet~rs in series (vhlch reduces the fluctuatio~,' ttiereby 

improving the frequency rel~porfie) to measure pressures in a SII1ap pneUlllothorax 

(40 ml)'and standardized the vhole tec~ique as to position of injection, 

~, reoo~ing 'of 1i<:\al air and lung v~lUJlle. Since it vas realiZed that 

even pneumothoraces of_,4O ml'caused a change of the pleural pressure, Farhl 

et al (18) sampled pleural pressure w1t~ a needle ,surrounded by a seal 50 
, 

that onll.O.2 ml~of air was introduced. • They found that vith the dog in the . . 
supine position, the 'pleural pressure was fairly ~1form at aU points Over 

the lung surfàce except at the extreme bases on ,the dorsal surface and at the 

apex. However they foun~ abrupt changes even a!ter death vhich they could 
, 

not explain and the technique has been severely critic1zed by Agostoni (1) 

in that it i8 probably subjeet to surface tens10n artifaets • ... 
Recent Measurements of Pleural Pressure 

.A. review of the techniques b,eing used today show that many dlfficult1es 

are yet to be overcome. 'First it is important ta differentiate betveen pleural 

liquid,pressure an4 pleural surface pressure. The latter i~ def1ned (1) ~s 

the net t.orce, par unlt area perpéndieular ta the pleural surtaee and ls the 

, pressure that detem1nes ,the degree of expanslon ot the lung under no/nul con-
"". 1 • J' 

di '1;.ions. Inside the pleural space there 18 a continua! net transter ot liquid 
\ 

froll the "spao(!Jto the vascular bed vhieh reduoes the volu.. ot pleural l1qul~ 

, . 
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, 
untll contaot betveen the lung and ohest wall prevent a turther reductlon (44). 

rr contact vere not te ooour, the pleural liquld pressure (vhloh ls siaply the 

hydrostat10 pressure ot ,the pleural 11Qu1d relat1ve to atllOsphen1c pressuN, 

PB) would eQual pleural surtaoe pressure. 
~ 

'" Once oontaot l)egins ta OdC\U', net 

rellloval ot lIlore liqu1d lovers pleural liquld pressure belov surtace pressure 
, . 

unÙl an eQulllbrium 18 reached bet\reen the . torces rellOv1ng 11Quid troll the 

pleural spaoe and the stresses betveen the surtaces in contact. !be s1tuatlon 

1$ V8~ analogous to a large jar representing the chast vall ~h1ch contalna 

an lnfiated balloon repf8senting Ithe lung. Tbe balloon ls aurrounded by liquid. 

rr a syringe ls used te suck out all" the liquid through a side port in the jar. 

the balloon will expand untll lt comes into contact with the jar. Further 

suction lovers the liquid preS'sure betveen the balloon and the jar but sinee 

the balloon 15 unable ta expand 1\1rther, 1ts tn.nsmural pre~sure .ust. re .. 1n 

constant. Since the inside of the balloon ls open ta ataospheric pressure, 

the surtace pressure on the outs1de of the balloon also reu1ns -cona~t. Bence. 

l1.quid pressure can he greatJ.y ditterent bo. sur.t'aoe pressure (40). 

'lbe techniques used ta meaaure pleural surfaoe pressure _y he 11sted 

under the tollow~ headingSI 

INDIRECT 

t) esophageal pressure 

2) regional lung volW18 by IJJXe 

J) &lveolar size by IIIOrphometry 

4) ve1ght-area hypothesis 

5) lung dens1ty 

• 
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( 
6) intz:apleural 

7) intrapleural 

pre.sure-s.n~1ng tlat CapSule} 

pressure-sena1ng balloon . 
th ..... 
prinoiple 

8) .a.urellftnt. in a sull pneuaothorax 

--'. 
. 9) counterpressuN technique 

~ , 
( 

.. . 
'Eaophageal pre"ure. 'lbe lIlea,ure_nt ot esophageal 'pressure vith 

• 

Adequate, balloona ha. prov.1ded useM di.ta about ohangea ot pleural surtaa. 

pressure and to so ... xtent about ita abaolute -~alue. It has alao allowed the 

d"teNlnation in living man ot the statio and dynaaic volWl8-preasure relation­

ship or th. lung and ot th. chest.:nU. Hence this _thod has greatl.y contrl­

buted ta the progreas or the _ohanios ot breathing. Hovever i ta contribution 

to tlw knovled.ge ot th. topography ot pleural pressure is SII&l.l beoause only 

a 11aited region ot the pleural surrace say be soanned ~ro. the esophagua and 

even data obta1ned vith ade~uate teo~ues must be talcen vith resenation (1) • .. 
"'giona! lung volUM bx 1331e. M1lio-Ea1li and his assoc1ates (7. 27. 

37) .asUNd reglonal alveolar expanslon by dilution ot 1331. during in-

spiration and rroa .... alUl'eMntl ot eaophageù pre.sure they oaloulated the 

tranapulaonary pressure as a tunotion or l'UnI he1ght in .eated .. n o ... r aU 
1 • 

the vital capacity range. A neceslary .ss\IIIpUon is that .. an al"olar ex-.. 
pansion ot &IV hori&ontal alia. ot lung .. en b~ a oountei' vas repreaentatlft 

or al ... olar expan.ion at the pleural surtao. at the s ... 1 .... 1. That i., lt . 
asSUMS that the paNnoh1u at Any one leftl 18 D.oaogeneoua. '1'h1s My not 

be oorNct. HoIIopneoua uy be der1ned a. hav1nc unito .. ela.tic propel"tU. 

and cl1atendirag prelnre tbrouchout. u.noe, nesleottns ditterenoe. in upper and 
'" 

10_1' lobe pre.,ure-volu. charaoteriaUo., an exciaed lUftC 1ntl.ated vith 
• • 

• 
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pos1 t1.. preswre 1s ho.,geneous (28), vberea.' a lung in si tu 18 not be-
-/' 

oause there 18 a gradient 01' alveolar exPans10_n (21, )6). 'lhat is, the lùng 

ln situ 1s detol'lDed. but beoause the lung oonsista ot lobes whioh may slide 
l , 

o .. r tpaoh other. the degree of, alveolar detonaation 1s not as severe as it 

lIIight otherwise be. In other vards, the lung has sOlIIe abUity to sutter de­

tonution and reaaln hOlllogeneous. 1he sliding 01' lobes presumably helps to 

keep the parenohy1la as hOllOgeneous as possible during the lung and eMst wan 

detonution that oeeurs vith changes "in posture (26). Hove".,r, the lung 

undergoes PIOoth lnden?tlons at each inter,pace a}ong 'the costal wall (J .C. 

Hogg, pe~sonal oo..un1oation) lIIeaning that lt ls detormed alon& its surtace. 

Any subsequent !nhollogeneUy.y hOt he very ~eep (12, 42) and theretora al-

veolar expansion close ta the pleural surtaoe may be ditterent trom mean al-

veolar expansion ot a horizontal aliee. 1]. 
10 detel'lll1ne whether or not al veoli at any one -level are detormed be­

cause of shape ditterences l)etween lung and che.t wall. D'Àngelo (10) oarried 

out IIOrphoaetrio studies at the pleural surtace on rabbit lungs in situ and 

on troun sections talcen tro. a core ,uple at the s ... site. He tound that 

in IIOst oases, the voluae ta surtace ratio (VIs) ot alveoli at th( pleural 

surtace was the jue as alveoll deeper in the lung and that the geoMtry o.t 

al".olar expansion in situ fts s1allar to that in the ls01ated lung. Thelr 
, 

data pl'Oyidecl a dlreot deaonstratioft under .,.t condit10ns there 11 a' 

:ue NlatioMhip betVHn alveolar .1u and tJ"&nlpulaonary pre •• I , despite 

thé urtced d.tol'll&t10n that .coeurs tltt1ng th. lung into the tho;rax. the 
\ 

( \ 

, lung tOI' th • .,.t part theretore appeara ta adapt 1t •• hape to that ot the COll':'" 

talnel' vlthout uncleJ"101ng loo~ alftOlu detorutlon at the pleural ,ul'taoe~ 
. 

"a. lf the al.,.011 could .lide a 11tUe on eaoh o the r" • Howvel', an iIIportant 
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exception tg this vas found, In the upper lung (2nd interces1;.al space) of 

head-up rabbits at PRe and in the upper lung e~ ~viscerated supine rabbits 

-vith tungsten beads in the, airway~~to inerease total lung weight, alveolar.o . . 

deformation at the Pleural surface vas present. Although the precise mee~anism 
, 1 

,is unknown, it must he caused by shape a~a~tation in the theraX sincel~efor­

mation vas never found in isolated lobes. It'is very signifieant that the 

~eformatio~ vas found underjeenditions Most akin to man,(head-up and higher 

total lung we!ght), In rabbits it vas limited to the upper 20~ 'Of -the lung 

height. This evidenc~t te he eontimed in man) supports the previous 

criticism ~f the lJJXe t~chn!que to determine pleural pressure. FQr the 

ether 80~ of the lung height in head-~p rabbits and fer supine rabbits, the .. , -
~ta fer sU~PleUral and inner\ alv,oli fit- th~ ~J.ationship between (vis) and 

transpulmonary pressure in the isolated l~g. Th,is is evidence in favor of the 

rellabUityof in situ measurements cf local pleural pre~sure or its detennina-
'-; - ' 

tien by regicnal lung/ expansion' using IJJXe cr !I)Orphometry. However-it wculd 

be wrong to use evidence from experiments on sm~ animals to support ~e tech­

nique used on man in an effcrt te resolve issues cf species differences. t. Such 

issues will be dealt with in the secticn "The Pleural Pressure Gradient", In . 
, 

summary, the results of D'Ange\lc's experlment are scmewhat two-sided in that 
J 

" 
they reveal sub-pleural homogeneity under m'Ost ccnditions but inhomogenëity at 

the apex in the head-up posture. 

Robertson et al (42) and D'Angelo & Michelini (12) both used morpho-

metry on excised,lungs to evaluate the de(ormation a,nd alveolar inhomogeneity .. 
. .. 

secondary ta a large local: stress on a small area of the pleura...l surface. The 

finding that the depth of inhomogeneity vas no greater than 1 - 2 mm suggests 

th~t the force contribution of pleural pressure fram one relatively small 
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. area of ~the lung May be too 81IUÙ.l, 'in comparuon to the pressure sUllllll8ted over 
1 <' 

the remaining area, to affect regional volUJl8. FUrthel1llore, in a lung placed . 
, ...... 
r 

on a table Xataura et al (28) found a very, small depth of inhomogeneity in the 

ragion of contact. More morphometrie data for human lunga in situ may provide 

a more solld basis tor indirect techniques of pleural pressure measurement 

us~g "î33Xe or morphometry: i 
''--- .. ) ll~ 

Al vaolar size by morphometrx. 'lbe topography of ple,!ral 'Pressure 

oan he caloulated from measurements of alveolar size in situ using the relation­

ship between aly.eolar size and transpullllonary pressure of isolated lobes. 
( 

Glazier et al (21) fixed dog lungs in situ by freezing and measured,alveolar 

size by histologie morphometric techniques. The teChnique is subject to the 
- ~ ~ 

same considerations (supportive as well as critioal) as the Xenon technique 

previously.discussed. ~e tests used to detect inhoaogeneity were dODa on 

.:-J~amPles taken 5 cm and 24 CIl below the a~ but not near the visceral pl!"ura, 

whe~ detormatlon takes place. FUture experiments tbat closely examine \he 
/' 

~ alveolar expan;sion at the v"tsceral pleura could help resolve th1a issue • 

. Lung density and the weightnarea "l\.ypothasis. 10 avoid us1ng the 

tediQUS m.ethod of m~rpho~try to mea~re regional lung volU118 and the implicit 

assumption concerning, Alveolar -shape" Hogg and Nepszy (24) measured the dis-

, tl)ibution of lung \nsit~ in in~ct dogs 'whioh should be inversely propo~ional 
to the degree QI expansion expressed as per cent of TLC. For calibration, the 

• 1 

procedure of sawing out Iblocks of ;tung tissue vas repeated on excised lungs 
, ! 

trozen at various known distending pressUl"es. The voluae Qf air per unit lung 
1 

wight vas detemiped aDd a' pressure volUlMt c:urve constructed vhich agreed 

""U and 50 va. co.binod vith data' hw ~. and l'arl.c\1 et al (19). 
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, 
then the volUJ18 ot air par unit lung ve1ght at various' beights in situ ~s 

detendned so the corresponding pleural pressures could be calculated. . Again 

th1:s method o~rlooks possible ~V801ar detonaàt1on at the apex in situ. ~v­

ever, the l'esul ts st~ated Hogg and Nepszy to coapare theu- calculated pleural 

pressure gradient to that 'obta1ned by the va1ght-area hypothesis. 'Ibis bnlo­

thesls was useel by Glazier et al (21) ta precUct the pleural'press\1re at any 
.. 

level by dividing the cross-sectional area, A, into the veight, W, of the lung 

below lt. PressureJ obta1ned by the two Jll8thods lIidely dlaagreed. 1'he dis-
1 

• 
crèpanqy upheld the hypothesis that the lung partly support,s the abdoa1nal. 'con-

l ' , 

" ' 

tents. This in effect would render inaccurate any ov8rs~1t1ed bypoth~s1s 

used ta predict pleural pressure. 

-'lat capsule. balloon and sma1l pneUllOthorax. Boppin et al (26) 

made direct measu1'ell8nts ot pleural surtace pressure us1Dg a mocUticatlon ot ~ 

~ intrapleural ~oon. An asseably of fiat balloon capsules tbat lI1n1:a1ud 
1 

local detoraation ot the lung ve~ located at varlous po~ in the cranio-

caudal direction between the lung and Costal vaU of n.1œ dogs.' At end expira-

tion, transpulmonary pressure vas seve raI centiMtera o't _ter less beneath 

the ribs than beneath the inter~ces. If residual local nriation vas found 
~ ~ '.,.-

in every experaent. '1'his daja underliDes the ~tlc:ulty ~ obta~ zpeat-

able representative l18aSUNlI8nts ot pie~ pressure regardless of the ch-
I . 

nique. Ideally, in the process of .. asurina the pleural surface pressure, 

'" the existing equUlbriU1ll. ot ~tatlc 1:'0rces SholÙd not be chaDged. For exuple 

the presence of a pneUllOthorax ls a departure rn. th1s 1deal. An enlua- 1 , . 
tion ot various m.~s using a JIOdel and a discuasion of the potent1a1 prin-

ciples haw been .. de hl' McMahon and BroJiberger-Barnaa (32). In the1r aodel, 

pressures ,record.dl troll needles, cannulas and tluid-t1l1ed catheters could be 

f 

\ 
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COJ'llpl&\ely independent 9f surfaée p:re'Ssure. ,Pressures recorded by balloons 

suoh as h~ve betVl usec! by Turner [(46»)nd Kreuger et ai (JO) va~ied. though 

not directly vi}h surface pressure. ln' cont)ast the nat oapsùle d';vice vas· 

found to measure surface pressure accurately. At ~e ver,y edge ~r .~ object 
, \ 

in the pleural ~pace, no matter hov thin~ the pleura BlUst separate. 'lhe result-

1ng defomation of lung J'Ilay have quite small radii or cUrYature, resulting 

in large local pres8ure variations. The design of the device re.aves the de-

formation at the periphery to a distance from the pressure-sensing portion, . 
bye 8urrounding the sensor vith a vide skirt. Error would also resu1t troll 

invard displacement of the lung, the equivalent of a reductlon or tranSpul~ 

IIlOnary pressure by a reduct+on of lung volUJlle,. 10 lIl1n1mize th1s error. the 

devlce vas as thin a Rather than using an assembly of pressure 
~ 

a (personal colllll.un1cation) used s'ingle capsules 

;.dam skirt about 5 CIl in d1ameter. '!he devices 

could be moved about in situ by attached silk ligature. Hard plastic baclcing 
J 

vas optional. 
\. 

Counterpres~re te'~hnigue. Agostoni and his co-vorkers have carrled 

out the most, systematic direct measurelll8nts \tif pleural pressure on rabblts 
, 

and dogs. (1). Al.though his co\Ïnterpressure techn1.que 18, techrù.cal.ly ditticult. 

and has not been repeated, by any other group to date, his data show J'elUrtable 

rePeatabllity between arùaals and betveen observers and has the advantage that 
~ 

1t does IlOt invade the pleural space. . Stated briefiy. the technique consista 

" 
of clearing endothoraclc fascia and aaking a t~ incision in the parietal 

Pl~ura or an apneic an1lÙl vithout producing a pll8uaotitorax. '1h1a is ~lble 
because surface tension at the edge or' the incision pre,.nts the lung and cbest 

...... " 

wall rra. aoving apart. A small area or the lung heCOMS exposed to at80s-

• 

). . 
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phfric pressure and recolls imrard. By sealing a capsUle to the' region Stlr­

ro~d1ng the inc~sion and lowering the pressure of' air within it, the s,:!rf'aoe 

ot the lung vas brought back to the normal position. The pressure required 
, , 

for this sh0U:ld be equal to the pleural ,surface press~l"8 or that region. ' 'lbe 
1 

limits ot this lIlethod arel 1) it can provide only static measul"8l1lentsl 2) lt 

can he ap~lied onlY to th,!, intercostal ragion, and J) it can he applied only 

ta apneic anilllals at or above the raating volU1l1e cit the respiratory ~ystelll, 
or-

heca6se breathlng movements or def1a~ion break the air-liquid miniscus at ~e 

rim of the incision. 'lbe third 11mit was overcome by applying the capsule ta , . 
a small region of e~sed intact parietal melll~rane. 'Ihe surger,y ia more ditr~-· 

cult but the x;est of the procedure is the same. '!he' tension of' the parietal 

IIl9mbrane causes- an artitact which is only Appreciable lf' the radius or curva-

tura is 5111&11 as in .very small animaIs. 'lbe second l1mit lIleans that if' plèural 
A--
u~ 

pressure under the ribs ls difterent trom. that untier the interspaces then the 

counterpressure technique gives a biased result of' lIlean pleural pressura because 
,\ 

all the l18aSUl"8l1l8nts are made in the interspaces. Evidence that the pressures ' 

are dirferent have been supplied by Hoppin et al (26), who found- costal variations 

'greater ~an 5' cm. H20 using their nat. balloon capsules. In addition the results 
1 

1 

contained herein show large diff'erenQea' in pleural pres~ure swings batween upper 
, ' 1 

and towar lobes under conditions of lung detomation, thus demonstrating pressure 

dlscontinuity. '!herefore pleural press~ ls almost certainly ditterent under 

ribs than under the interspaoes. 

·The Pleural Pressure Gradient 
1 ~ 

Severa! studies have shown that in both man and. dog·there is a verti-
• 

cal gradient in pleural pressure with lIlore negative values ai the lung top 

(18, )0, 41). The nature ot the pleural pressure gradient bas been well 
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" , 
reviewed by Agostoni (1) 1'roll whioh particular highllghts_ will be presented 

included with iaportant. work publlahed in this area sinae 1910. , . 
~hrer r4), Duollaroo et ,al (11), Mead ())) and Proator et· al (41) 

, ' 

tel t that' the dl1'terent shape 01' the lung and of the chast will, basides . . 

lung weisht, could cause local, differencea in pleural pressure. Desplte other 

• 
theorles that have lntervened, this concept ls atlll important. Kreuger et al 

(30) meaaurad pleural pres'sure in head-up dogs us'ing a pleural balloon and sug-

geat.ed that the lung bahaves as an ho.ogeneous fiuld 01' same mean density 

w~lch develops a hydraulio' gradlent of pleural pressure. However, 1\l~r et 
• 

al (46) 1'ound that the vertical ,radient 01' transpulmonary pressure dld not 

decrease with deoreasing lung density, achieved by !ncreasing lung volw..e. 
0' ( , 

His results theretore contradict the 'liquid-Iung' hypothesis. 

In man, invasive techniques cannat trequently he used. 
l> 

Instead, . 
MUic-&alli and his assooiates (1, 21, )6, 31) aeasured regional alveolar 

J • 

expansion wlth l))Xe and showed that the reglonal vol\Ulle or' the ~ntllat1ng 

units as a percentage ot ~eir volume at TtC (Va!TLCR) was greater at the top 
• 

than at the bottoa. '!his was.contil'llled by Glazler et al (21) and Hogg and 

tMpszy (24) on dog 'lungsJ trozen in situ and by D'Angelo (10) on rabblt lungs 

.. 

in situ. '!he.'ract that this gradient 01' expansion exists in the speoles studied 
"r 

seeas 1ncl1sputable but the diftiaul ty has been to correlate the gradient ot . , 

alveolar expansion with the gradient ot pleural pressure •. According to the 

wight-area hypoth~~ls desoribed by Glazier et 0 al (21) if the .lung h.~s hoJl 

the chest vaU and the support at the hllUII ls saall, pleural surface pressure 

at a given he1gàt should he given by the wight ot the lung balow that '-1ght 
1 J ~ 

divlcted by the croas-seotlonal area at that height. 'lbe hypothesis ia ~ 
\ ~ 

consistent (t) bea.use the lung ls assÙllea to be supported by a single' SODe 
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whloh la oontradloted when the next sone ls oonslde"!d. FUrthemore, ln an 

,isolatAd lung suspended troll the apex, reglonal l~ng expanslon ls unlto~ 
\ '. 

pleural. aurtaoe pressure is n~ proving t~t expansion ot the lung 

signitioant;»r attecud by Us own wight (28). 

West and Matthews (41) retlned the wight-area hypothesis and wlthout 

aooounting tor lataura 'a observatlon (28) WI'OU, "it 1s probable that' bath the . 

topographieal ditterenoes ln pleural pressure and expanaion ot the lung are 

part ot the aa_ pbenolll8non. detomation ot the elast:ie lung by 1 ta own wight." 

Wa are unable to understand or evaluate the paper. It la imposl!lible to repeat 

the tinite ele .. nt an&lYsll!1 they dld tor lack ot lntormation oonoerning the 
, " , 

computer algorithas used. Nor was the model tel!lted under conditions tor whloh 

the answer la known (as every lIodel should he 10 tes~d). 

Duoaaroo and. Riain! (17) suggeated that the hng suppOrts part of, the 

1 weight ot the abdoa1nal contents. Hogg and .Nepasy (24) we1'8 led to the sam. 

conclusion by qualitatlve analysls or' thei~ data and .\goston! (l), has' shown 
, 

!t by el1ainating the erteo~ ot the abdo ... n on the rib Clage and diaphr&glll ot 

h.ad-up rabblta and dogs by eViscerat.lol). Lung FR9 dropped 26~ (rabblta) and .. -
5)~ (doga) ot JlONal FRe. Greene et al (2) provlded turther Ctvldenoe in un. 

'lbey seated tour hwu.n subjeeta in water up to the xiphoid to el1alnate the 

wight ot the a~o .. n on th~ ehest wall. Lung mc tell by 10.4~ VC, and 
... "~i • • 

regional lung voluraes us1ng 1llXe' ,:t FRC 1181'8 less at aU lung hèlghts ~n at 

FBC in air. However, regional lung voluaes ~re proport,ionately the a ... wben . 

co.pared to oontrol l~ volU11e in air, 'Dlese re,ult. and tho.e ot Agoatoni (l) 

show that the --l'uns 1. innated in part by the wight ot th. abdo.1nal oontents 

a~t1ng prinolpally through the diaphraga. 

Acco,rdlnl ta ",os~n1 (2), the distribution ot pleural .urtaoe pressure' 

/ 



" 

) 

/ 

-e 
11 

1) 

• 

,\, 

i~ essentially ~ated.to the regional expansion that the lung undergoes "in 

. titting the. chest 1 wh,?se ,shape in tum is mainly determined by the action 
1 

of gravit y on its parts, particularly the abdolll8n-diaphragm. In extensive 

studies on v~r10us expër1mental animals (1, 2, J. 4, 11, lJ) Agoston1 and his 

co-workers have repeatedly proved thls point and concluded the follovlng 1 

t;.J Q 

1) ~ aIl postures at FRC, pleural surfice pressure becomes progresslvely mo~ 

negative fram the bottom to the top of thè lung and 1s nearly the same At, a , 
, 

11 glven level. (Top and bottom a~ detined only vith respect te the grav1ta-

... 

-, 

tional f1eld.) 2) In a glven posture and spec1es, the!'8 1s a unique relatioll­

ship batween the pleural surface pressure and per cent of lung height. The 

vertical; pressure gradient decreases as the animal size increases both lIi th in 

and &!Ilong specieM ) 'lbe pressure gradient is not mainly related to" the lung 

weight as previously lIUlintained (30. 7, 36, 21), but to the action of gravit y 
. 

on the chest val1. In eviscerated anillals, the pleural pressure gradient vas 

reduced 2 - 3 t~es. Further to thi~ they observei that the pressure-gradient 

decreased and eventually disappeared vhen the respiratory system vas expanded by 
• - -

increasing al veolar pressure. .uso. a cranio-caudal gradient vas obtained in 

the sup~e posture. by 10W8ring the abdominal pressure vith opén airways. 

In exper1ments ~signed to seperate th~ additive eftects ~f the abdomen 

(evisceration), the_ diaphragm (diaphragmectomy) and lung wight (pul.monary 

exsanguinat ion) on the pleural pressure _gradient the_y found that in prone a~ 

suspended rabbits, about ~ of the vertical gradient of transpulmonary pres-

sure should he due to the abdomen, 35 - ~ to the effect or gravit y on a 

hypothetical diaphragm-rib-cage interaction and 15 -'\2~ to the lung wight , . 
and the gra~ity depandant distribution or pulaonary blood. In head-up l1lbbits 

at FRC the c~ntrlbutlon of the abda.en ta the ditference of transpullllonary 
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pressure betW8en top and bottoll. should he a~ut 6~~ that of the diaphragm­

rib-clge interaotion about 25~ and that of the lung wight less t~an 15~. In 

th~s posture a little oould aIso he con~~ibuted by a gr~ty depandent shape 

effect on the rih-oage. The above partitioning of the factors contributing 

te the vertical pressure gradient could he ditferent in lIIan. 

Since the gradient of pleural pressure under normal conditions seems 
'j , 

te he mainly determined by the effect of gravit y" on the ~hest wall, it should 

be possible to produce marked ditferences of pleural pressure by applying un-
... .' .. . . 

even stresses to the chest wall. Âgostoni and D'Angelo (2) decreased the pres-

'sure over the caudal part of the abdomen of supine rabbits ~nd dogs at FRC and 

found that the pressure in the cranial region decreased 1II0re than in the caudal 

/ 

r 

one at the 5me height, i.e., a cranio-caudal gradlen~ vas produced. The~e. ~ 

're"sul ts showed that, 1} under special conditions pleural sUrface pressure in 

the costal region lIlay vary markedly at a gi~n height and given posture, 2) lung 

and chest wall detormation lIlay change the dlstribution of pleural surface pres~ 

sure. 

• 
In direct contrast·to Agostoni'S-l'esults on eviscerated anill.als (3), 

Greene et al (2) concluded that the pleuN pressure gradient in lI.&n was un­

'al tered when the effect of the wight of the abdoMn vas eUminated (the dis-­

tribution of regional alveolar expansion re~1ned the SAlIl8). 'Ihis 15 an Ùl­

portant paradoxe Either 1) there is a substant1al ditference in the nature 

of the pleural pressure gradient between saall. an1aals atld !IW) (22), or 2) the 

indireot 133Xe technique or the counterpressure technique are not "asuring 
1 

mean pleural surface pressure a\. a given height. (See pages 4 and 9 for dis-

cussion of the teohniques.). 

Part of this confUsion in cOfTelatlng pleural pressures vith regional 
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alveolar expansion surely must he due to the siaplifYing assumption that 
/ 

pleural pressure at only one heig~t ot the lung' is rasponsible for expansion ot 

the IJbg at that height. A quiok look at the geometr,y of the~lung would show 

that this cannot he so 1 the expansion ot any region must he atfeoted by pleural 

r:, surtaoe pressures at many heights that a~ equidistant f'roIIl that ragion 

(Fig. lA). The assumption ot hOlQog.eneity at one apioal level may itselt he 

in';'.;Lid ~ m~n, as it i5 in saall ani.nlals (10), which further pushes one to the 
, 

notion that thera May he a dissooiation hetwaen looal ~leura1 pressura and 
r 

ragional lung infLJtion and ventilation. This dissooiation would he due ~s 

well to interoostal and suboostal variations in pleural pressure (26) and to 

the probabllity that local d~formatlons do not extend ver" deeply into the 

parenc~ (12, 42). More knowledge is ne'3ded on how an the pleural pressures 

around the lung integrate by transmission through the lung to expand.it. 'Ibis 

requires that the topography of pleural pressure he studied in still !!lore de-
. 

tail and that it he us~d with int8rdePendence' theory to predict the expansion 

ot Any lung region. 

Forces Expanding Airspaces Deep to the Pleural Surfa.ce 

, Whereas it is obvious that alve~li at the pleural surtace ~t< li lung 
f 

in situ are exposed to pleural pressure, what is the pressure expan~ ai!'-
. " ) 

spaces deep within the lung? lèspiratory physicSlogists have generally assUllled 

it to he the pleural pressure as vell, but the Ilechani. i8 perilaps not so 

obvious. l'he prOb181ll has now been illUlllinated and to a large extent solved 

by Mead, Takash1JU. and Leith ()4) who .. de a good well-det1ned stress analysie 

\ 

ot a IUthematioal lIlOdel ot the lungs. They tirst conaider a lung whioh has 

t) hOlllogeneous parenohyJu, 2) unltol'll pleural pressure, Ppl. and ) unitOI'll 

alveolar pressure, Palv. Sinoe statioùly, gas pressure in all 1.i1teroonneoted 
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PLEÙRAL 
l PPI 

SURFACE 111 t POlv" 
n.F/A "" 

n· FIA = Polv - ppl 

n·F/A 

t 
INTERIOR 

Polv AIRSPACE 
n· FI A = Pel 

:. Pel = Polv- Ppl 

.. 
Flg. 1 a) top 1 fiYpothetical lung shoving arbltrar:y points" and 

â that are both equidlstant trom tvo dlfferent levaIs of pleural surface. 
See texte b) bottoMI Diagram ot. torces at the pleural surface and at an 
interior alrspace shoving how the alrspace-beco"s subjected to transpul­
lIlonary pressure. n -1s the number ot tissue attacbllents per unit area and 
F ls the average torèe par attachment. nf/A 18 constant throughout the 
homogeneous lung. 
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ab'"ays and airspaoes ls the SUIe, there are no pressure ditrerences aol'Oss 

alveolar walls and al1 toroes d~stendtng alrspaces must arise tro. tissue 

" attaohlllents. Ir n/ A is the rnuaber t>t tissue attachllents par unit ,area at Any 

transeoting surtace and F he the average no~ torce par attacn.ent, then the 

stress at Any surtace ls nF/ A and is constant throughout the parenc~. At 

the pleural surtaoe (cons1.dered essentially nat and having no reaoU ot its 
-e> 

own) the stress nf/ A la' ba1anced by and equal to transpulaonary pressure, 

pt = Palv - Ppl (fig .. lB). 'lbe out"ard distending stress ot an interior . 
./ 

airspace having an elastic NCOU, Pel 18 also nf/A. Since Palv' acts on both 

sides or ~he airspace thus cancelltng, Pel • nFl A • Palv - Ppl. 'nlus the 
- . 

tnterior alveoli are subjected to the salle distending pressure, aoting via 
, 

tissue attaohments, as thosè at the pleural surtace • 
. 

The authors next consldered one tnte.ior region ot the lun« te he at 

a new VOlUllle, V ditterent troll its volUJl8, Vo , in the hOliogeneous lung and 

made two more assUllptlons .. 4) that the dimension&! changes assooiated vith 

. tlie voluae change vere unitOl'lll, so that the surtace area, A, ot the reglon 

varled as (V)2/3 &rd, 5) that the strain in ~1ate tlssue attacœ.nts vas 

negllgible. 
.... 1 

It vas admltted by the vrlters that the latter assu.ptlon vould 

underestillate the expanding stress applled to the reglon by the NeoU ot the 

surrounding tissues. In.ny case, the stress bec~ Ppl (Vo/V)2/3. This is 

dltterent troll the dlstending pressul'e, Ppl' ot an alftolus ln a ho.ageneoWl 

lw:'8 because ot "'chanlcal interdependenoe'\ via the tissue attacb.enta. 'l'be 

prlnol~ tunctlon ot me IIl8chanlcal lnterdependenoe appeara to he to support 

unltona expanslon ot airspaoes vbich is important to the statla and dyMaic 

stabUlty ot the ~ung as vell as to other aspects ot pulIIonary functlon. 

Can thls analysis he extended ta aocount tor pleural. pressures that 

..... 

\ 
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• 
var,y tepographloall.y? Suctl varlatlon 1.JaaMd1atMly 1nvalldates th. tongoina 

' .. 

a88U11ptlons, 1) and 2) and perha~s 4) and 5) 1t \tlere 18 slseabl, d.torutlon \ 

pl"4ts.nt. 'Although th. prino1ples ouQ.1ned by Mead et al are operatlve in th. 

lung and requlre IIOre d.taUed study we are unabl. t.o oarry th. analysb 

ronrard. HoUand (25) looked at interetependeno. us1ng a .. theMtloal lUJ18 /' , 
" 

aodel that allSUIled that aU streu-straln relat10ns in the parenchyu. oheyed 

Hook.'s la". It posses •• d th. des1red propert1 •• or int.erdepend.nce and oo1,Ù.d 

be used te s1aulate suJ.l ohanges ot PLt However t.o oorreo~ s1aulat.e th. 
~ 

distribution ot alveolar expans10n under the 1ntluenoe ot a pleural pressure , 
gradient., a IlOdel 1s n •• ded Wt treats the lung as oOllpOsed ot tinit.e poly-

,\. 
j.. 

hedral el ... nts ,,1th eaoh'element posa.ssing a true pressure volume oharact.eris-

t~o .xpresa.d .. th •• atlcally a8 an exponent1al. 'lbe presllure-volUIH curve 

det1nes th. stress-stra1n oharacterist10 ot th, .l .... nt (25). An .'luation ot 

static torces oould then be writt.en tOI' each .lement. ID the .ïe .. nts at the 

pl.ura would he ass1gned d1tterent pleural pressurea., Pendtting a little 
~- -1 - ___ _ 

speculation, perilaps th. resulting ,enoI'llOUS a,rray ot equations det1n1ng statlc 

equ1l1brlua oould he solved ,by .. trix .11a1nation on a coaputer (5). (now 

ditterences bet,,"n upper and 10_1' lobe .laat1c pl'Operti.s oould be includ.d 

in, th. input data. Such an anal.ysis vculd .nable usage ot pl.ural pressure data 
/ " 

obta1ned by dlrect .. asureaent, tOI' th. p~dlot1cn ot reglonal ainolar expan­, 
810n tOI' th. inhaogeneous lung and toUo"1ng that. ventilation and lu dis-

t.ribution, at 'l.ast at very 10" fio" rates. Additlon ot a aulU-ooapartaent 

.1aoo-ela.tl0 aodel ta th. analy.l~ vould be a turther ret1MMnt .nabling cal­

aulat10na at hich.r fio" rates. 

In aav oa"_ &1.,.011 d •• p in.ide th. 1U1l1 aust _ recebe d1tt.reJlt oon­

t.rlbut10ns ot dbtencl1nc pres.ure tl"Oll the .nt1re lune surtaa. throUCh tbe 
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1 netvonc ot tissue attachllent8. -P"e contribution troll Any one area cr the 

lung surtace vill be. a cOllplex tunctlon -ot th. geoll8try ot the lung. Ta. da te • 

no etudlee have l~ at thla. -but lt seellS probable that expan.ion ot a 

'''" lung reglon at any arbitrary surrace 'A' ot tlw lung can he achleved by a 
~ . 
~ . 
ne~lve ohange or pleur~ pressure at some otfer arbltnri surtace 'B'. In 

" \ 
the pro~S8. the pleural pressure a t'A' II&Y' also ohange ~gat1lre~y '. but' l t 

~ 
vUl he th. relu! t or and not the cause ot the regl~ expanslon at 'A'. 

, 1 
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Chapter II 

THEORY AND METHODS 
1 t 

'lHEORY , 

Katsura et al (28) and~ Robertson et al (42) have shown that when ex-
~ . 

cised dog lungs are subjected to a localized distorting force, they do not 

f. beha~e- as a liqU:id as Kreuger (JO) and l.ter Milio-EAili and his associàtes 
~ r \ , 

~ 

(7, 27, 36, 37) proposed tô explain the pleural pressure gradient. Hoppin 
, _ ' 0 

, 1 
et al (26) suggested that .the lung May he liquid-like at low lung volumes 

but stif:'fer at higher volumes. Agostoni and D,'Angelo have provided powerful 
"- . 
l' -

evidence against the hypothesis of liquid-like bahaviour of dog and rabbit 
,;? 

,lungs ~'l' ~ivo and the e~tire debate has been well reviewed. by Agostoni (J). 

_ (See Alsa Chapter 1). ,> 

Evidence for the actual distortabil~ty or the lung ~lative to the chest 

wall is still 'lacking. In mechanics, deromation is derined as a change in 

'\. Î the shape or a body accompanying a' stress condition (J8). Distortability or 
, 1 0 

defonaability of the lung or ches1;. vall May tben he defined as their .~bili­

ty ta be defomed inta sbapes other than their shape under homogeneous -condi-

,:::.ns~28~':~.1:,:~::::O::' -::nc:::::::.:~ ~~:t:l::~~po.:t:::~"::-: 
• 1 \ ' "'"' 

a given vol~/1rhen th~ pressure inside it is everywhere uniforme contrast 

ta the lung and chest wall, mate rials such as rubher, plastics and me tal s' have' 
,p " 

nearly the saae itress-strain relationship in a1l directions and are called . . 
isotropic. Certain cJ:'Ystals han a rela1;.ionship that i8 diffennt on reach 

. .." ... ~ 

of tvo p6rperidioular axes and are called anisotropio. striotly speak1ng, 180-. . . 

... t.roplc1ty can only he attributed to continuous el.stic media and not ta bodies 
:l 

) 

1 

.. 
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or struot~res. It 18 sOlll8tiMs better to consider the latter as having one or 

more degrees of freedom (29) "here the olastlc properties ln each 'ftegree of 

freedom-may he ditferent. The chast vall is such a body vith tvo degrees of 
1 

freedolll, i.e., thare may be movellle~t of the rib cage and/or the diaphragm (29). 
, 

The lung in one sense ls almost isotropie to ho.ogeneous str,esses because the 
'-- - t-1', , 

stress-strain chat-acteristlc of lung tissue, altbOugh curv&ar Cn, 45),,15 
\0'" • .,. 

the salle at aIl points for Any one lung volUille. i Henèe lt expands proportionate-
.~ . 

ly by. approximatoly the saille amount in all directions (10, 16). ' Hovover, if 
- , 

the lung is unevenly defo:med, ditforent regions vUl be at a dUferent point 

on thelr cu!"V'llinear stress-s,"rain charactaristic. Areas that are C'ompressed 

may reach their maximum straiil (1lmù:) thus resisting further deformation vhile 

other'~ rem.ain relatively unchanged. Therefore the lung in general i) anisotropie. 

AS il resul t i t May he much harder to defol"lll the lung than vohld he expected from . ~ 
- knoving its homogeneous compliance alone. The difficulty arises because the 

lung- ln fÀct is a body composed of many parts (tissue attachJllents) and not a . . 
contPluous alastic medium. Unlike Most solids, its elastic propertias do not ... 
ohey Hoolce 's lave Strain arises from the bending as wall as from the stl'8tching' 

of lung fibers as in a "nylon stocking" '()))'v-1be distillction betveen ~istor­

tabllity and compliance is important. Consider a s"teel cylinder vith a _moveable 

pis~on. '!his i8 a body vith one degree of freedom. 1t may be very compliant 
o 

to forces acting'in a/direction to .ove the pisto~ but relatively undlstortable­

to forces acting perpendicular ta the wall. '!bus a body 111.1' he very compIlant 

but rela~ively undistortable. On the o~er hand, rubbar heing isotropie, ls 

compliant in every direction so the more coçliant lt ls, the more distortable 

1t ls_11koly to bel 
. 1 - . 

'Ibe lung and ohest vall are coçliant won acted upon by forces caua-

• 
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ing homogeneoUs expansion but may resist forces tending to defoJ'll the. because 

these act in a different direction. It follovs that to co.pare distortabi- . . 
lities in tvo' different bodies, the stre2!s applied to both must he the s .. as .. . 
to direction· and surtace area to which it i8 applied. Ir thel"8 1s variation 

of slze and geolll8try of two otherwise identical bodies, tbeir response to a 

deformlng stress will be difterent. In destructive testing of concl"8te, aU 

these conditions may he easily controlled vhereas in coapartDg distortablli-

ties of lung and chest wall they cannot. However if the above factors are 

neglectBd for the moment, SOIlle insight lnto the distortabllity ~f lungs and 
l , . 

chest wall can he obtained. 

In thls thesls W8 describe exper1œents which test the hypothesis that 

) 

-the lung lB verY distortable (liquid-lik~) and whlch halp to describe-the nature 

of thelmechanl~al coupling between lung and chast vall. the exper1ments in­

volved lsolating one lung in situ and intlating ona or tvo lobes of that lung 

with positive pressure and measuring the change ln volU118 of the reaein1ng 

lobes. which had haan left open to' atlllosphe1"e tQ 1n!'late or defiate as fJle 

case May he. The change in volUJlle of these l'eaalning lobes, (AVy) expressed ' 

. as a per cent of the total volUJlle pushed in ( AVx lUX) vas used to ,1ndlcate 

the dlstortab11rity of the lung-:. It 15 usetul' to consid.er this exper1Jlent in 
. 

the 11ght of SOIlle th,!oretlcal limits of hehaviour of thé lung and chast wall • 
. 

Rsfer to Fig. 2. ... 
1) If the lung behaved purei.y as a liquid, it vould be inf'initely 

. 
dlstortable. rr positive pI'èSSUl'8 innatlon 'of one reg1o"--vere perfol"ll8d slow-

lY,enough, the same volU1118 of air vould COIlle out of the other region even for 

.. verY cOlllpllant (IlOt infini tely co.pliant) chest.~. Pleural. pressures 
... 

would l'ema1n unchanged, 1ndeed w:pr little positive pressure would he reqU1red . . 

. , 
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Chest wall infinitely Liquld Iung Lung and chest woU 
~ndistorta ble astortable 
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Counterba lancing 
.. 

Distortabllity of lung Distortability of lung 
defor mat ions » che st wall < < chest wall 

Fig. 2. Schema tic representation of the six categories of lung 
and chest wall distortability dascr~ in the teJçt. 'lbe solid outline 
i5 the lung-chest wall boundary before inflation of the upper ragion.­
'lbe fissure line is also shown. Dashed lines indicate the nev positions 
that the chast wall and fissure might assume for each c.~gory. 

; 

) 



.e 

24 

'1 

ta exeoute the uneuver. Obviously the lung has elastio properties and 18 not 

a liqu~d but it May show sUbstant~ liquid-like bahaviour in that inflation 

of one reglon would make pleural pressures ·everywhere more positive (Pasoal's 
\ . 

law) resulting in a large deflation of the other region. 

2) If the lungs and ohest wall possessed normal oompl1anoe in their , 

re~pective degrees of freedom but vere undistortable, 1ntlation ot one region 

would IIOve the ohest wall out and result in an int'lation of the other region 

50 that both ragions would he intlated unifollDÙY to the sAlIe transpulmonary 

'" pressures. Hovever, because o~ region was 1nflated with positive pressure and 

the other with negative pressure, the", would he large differences in pleural 

surface pressure. 
, 

3) Il the chest w~re intinite).y, distortable which can be visualir.ed 

'by thinking of it as being absent, or the'lungs being iDIIpiosed in liquld, the(, .-J . 1 

reglon heing intlated would not in any way stress the other region. Trans-

pulmonar,y pressure differenoes between regions would be/large but pleural pres-.. 
sures would not change. _ 

Theae limita are admittedly abstraot, the next step oonsiders the 

question, "What ia the ",lative distorta~ility of the lung with respeot to 

the chest ~?~. Relative distartablllty oould only'he analyzed in quanti­

tative deta1l, if body size, shape and direction of stresses in relation to 

direc\:.1tn oT degrees of f'reedom of' lung and chest wall were all taken inta &c-
-' . 
count. '!bat iB beYQnd thè scope ot thia thesis but suoh geometrioal tactors 

l '. ) 

can be conslde~d qualitatively by the vay they lIod14 the underlying pheno-

mena of interaction batween the .lung and chest wall. 

4) 'lbe distortabllities of the lung and chest wall, as IIOdltled b7 

geoMtrlcal tactors, ,lUy he auch so that the volume ohange resulting t1"Olll & 

-

• 

. "---------------------
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Il 

l"8g10n being def'omed imfard at the f'issure ,vould be exacUy counterbalanced 
.. ~ G,. ~ 

by the volume ohange resultlng trom outward detormatlon along the chest wall. 

'nte splrollleter vould record Il Vy lit O. One would expect 4itterences in pleural 

and tranepulmonary pressure, the magnitude of' whioh would depend ·on the abso-'. lute lung or ohest wall dlsto~abUlty 'at whlch the oount.erbalancing ocourred. 

Cancallatlon of' 1nflating and detlating def'ormations May also ocour 

even if the lung 15 very much more dlstortable than the chest wall because 

the chest wall has two degrees of' f'reedom to produce volume changes without 
J 

def'ormation. In practice, 'though J!ot e~ctly compensatory, thls IIl8chanlS11 

uy operate in conjunctlon wlth that of' case 5 f'ollowing. 

5) 'lbe-lung lI1ay he much more di#tortable than the chest wall 50 that 

...... 
even geometrlcal f'actors vould_ not be sutf'iclent to reverse the large nega-

tlve 4\ Vyt Under thase circumstances, as one ragion was infiated with a known 

amount of' alr, a subst&ntial:. but lesser vollUlle of' air would leave the other 

"gion. Pleural pressures would becolle more positive and there would be dit-

f'erences in the transpulmona-ry pressures across the two ragions. There vould 

he a small def'ol'l'llatlon of' ~e che.st wal:l and a l~rge def'ol1llation of the lung. 

the final lbdt would he category 1 aIready discussed (liquid-lung) • . 
6) The lung may he muc~ less dlstortabl~ tban the chest.wall 150 that 

aga in geolll8trical factors may be neglected. As one re~ion vas inf'lat8d, the 1 

other region· lIl1ght be expected to defiate by a relatlvely mu.ll amount (the 

liait being category 3 a'bQve) or innate becausa of' a stilf chest wall. The 

liJlllt then would be that desorlbed in category 2. In any case, one vould 

expeot ditferenoes in pleural surfaoe pressures, the magnltude of vhl.ch lIOuld 

depend on ohast wall distortab1l1ty •• Ditferences in transpqlmonary pressure 

across the two regions would be lass than would he the oase if' the lung vere 
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more distortable than the ohast wall and woUld approach zero a~ dascribed in 

category 2. 'Dle end result of this condition might also be very s1lll1lar to 

the end result of oategery 4. 
" J 

1b s~rize. 'lb the axtent th~t the lung is more distortable than, the 
~ , 

chest wall, transpulaonary pressure dif'ferenoes over the-two :r:egions would be 

, ' 

large bu.~.1 dif'ferenoes in pleural surface pressure over the regions would be 

~l. 1b ~extent that the lung la less distortable than the ohast w.ll, 

transpulaonar,y pressure difterences over the two regions would he smaller at 

the cost of larger ditterences in pleural surface pressure. Finally the fore-

geing analysis clearly deaonstra~s that lung deformation in situ cannot he 

analyzed vithout taking into account the effect of the chest wall. 

Hathods 
( 

Ex:periaents vere done on anesthetized paralyzed supine JIlongrel dogs 

lI8ighing betwaen 45 and 55 "ibs~, (20 - 25 kg). '!he experlaental apparatus 

(Fig. ) vas designed to parait inf'lation ot the .right upper lobe wi th a 1500 

JÙ. syringe vh1le the lover, aiddle and cardiac 10Js vere is~lated and co~cted 
1 

to a spÙ'Olleter' to .. asure their volwae change as they vere subject8d to.1e-

for.1ng stresses at the fissure and ~ chest vall. The laft lung vas intu-

, bated and 'obstrucied -~t FRe vith a JO cc. Foley catlleter located fiuroscopicàl­

ly. This catheter had the rubber p<)rtlon conta1n1ng the JI&~ lumen sliced 

off to ~ce it&<thickness and thereb,y m!n1aise tracheal obstruction. Another 

5 cc. Foley catheter vas locàted in the right intenaed1ate branohus by the 
1 

following technique. It vas firet inserted an appropriate distance (deter­

Ilined by exper1enoe) intended to be Ideal for isolation f?t upper and lower 

lobes. 'Dlen a1nor adjustllents _1'8 made acoording to the resul ts of a hOllO­

geneous innatlon of the entire right lung vith the syringe. lIlen the insp~-
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Fig.). Schematic ~iagraa of the exper1ment&l apparatus for se-
parate. inflation of upper and lower lobes. 

Ct. C2. C). C4. C5 - bose cl .. p sites 
D - dog. shoving lung and chest wall 
F1 ~ )0 cc. Foley catheter vith the portion cont&ining the JIUlin 

llUll8n removed 
, F2 - 5 cc. Foley catheter 

E - Flélsch nUlllber 1 pneUllot&chograph 
F - Fleisch number 0 pneUJllotachograph 
P - ventllating PUJllP (Harvard nuaber 607) 
Pt. P2 - pleural pressure-serusing balloon capsules 
M - vater lUno_ter 
st - 1.500 all.lllitre syringe 
~. SJ - 10 mllU';Utre syringe . 
SP - api.rometer (4.56 .1ll1l1tres/alllilleter dlsplacement) 
V - three"'vay val va 
W1 - welght for positive airvay pressure 
Wz - wight for negatlve airvay pressure 

. 
• 1 
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tory capacities ot the right upper and lowar lobes ""re lleasured and tound ta 

be in the order of )00 IIÙ and 800 ml. respecUval.y, and the transp\ÙJllonary 

pressure held without gradual leaking, "" assuaed the position ta he corl"ect. 
o 

If not and if the upper inspiratory capacity vas tOo large (e. g. 600 al, in­

dicating that the upper region vas 1rÏ tact including the aiddle lobe) wa 

moved the' catheter outward. When the catheter vas out too far, partial ob­

struction of the right main branchus would occur and the upper lobe would not . 
innate and den.te properlY. Data vere successf'lllly collected iD ,eight dogs 

whlle several others could IlOt he studied because the upper, IIliddle and lower 

lobe branchial talce-orrs vere too close together. 11'1e constancy of the in-
o 

spiratory capacity measurements (± 100 Ill) 1ndicated that the Foley catheter 

position had not changed. For these innations ot the right lung, total lung 

capacity vas assumed. to corresPond 10 a ,transpulaonary pressure of JO cm ~O 
, 

as 1ndicated by Pao relative ta esophageal pressure (Pes)' Si'te C) (Fig. ) 

baing clamped, regional volUllle- changes vere separately .. asured by electrically 

integrating the signal tram tvo Fleisch pneuaotachographs (No. 1 and No. 0) 

connected to the inflow of each ragion. Regional inspiratory capacity vas 

recorded for subsequent referenee during inflation of an individual t'egion. 

(Under these CircWllstances, esophageal pressUJ'e vas not considered trul.y 1'8-

presentative of regional pleural pressure.) 

The steps ot ~e actual experblelltal aanauver bagan vith an inflation 

ta n.C by blocking -the expiratory line ot the pUllp for a tev bt'eaths and then 

s10pping the puap at~. Site C2 and C4 vere claaped whlle ct, CJ and C5 

wre left unclUlped. 'l'he Foley catheters vere 1nf'l.ated thua obst1'\lctlng ~ 

left lung and lsolating the right upper and lover lobes. t'he upper lobe vas 

1nflated by the syringe in steps- of 100 al to MI 1nsp1rato~ capacity 1IhUe 
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the lower l~ng wa~ left ~ree to i,ate or denate via the Foley oatheter into 

the spirometer. (A'-spirometer was used beoause 1t vas round that the pneumo­
.... 

taohograph-transduoer combination was not stable enough to measure the small 

volume changes.) From peak innation, the upper lobe was derlated to a pt or 

about -10.0 0111 HzO and in!'lated baok to 1Re al1 in steps of 100 ml. 'lbe entire 

maneuver took about JO seconds and was done twioe. It was then repeated-tvioe 

with the upper and 10wer regions reversed, i.e. Cl and CS were olamped allowing 

the lover lung to be 1nnated whUe the upper lobe was oonneoted to the sp1ro-, 

meter (C2, CJ and C4 unc1amped), 

In order to determir)e if lung volume influenced the relatiw ... dls-

tortabilities or lung and chest ~al1, the entire foregoing procedure.w~s re­

Peated start1ng at right lung a1veolar pressures or 10, 20 and -5 cm H20, 

i.e., the alveolar pressure for both regions started at the same value. The 

&lveolar pressure in the region oonnected to the spirometer was aoh1eved by 

adding weights to the spirometer bel1 untU the water lIIanometer indicated ~e 

desired. pressure. In this way .. as the spirolleter beU Blond during the maneuver, 

&lveolar pressure of its assQclated region vas kept oonstant as the other re-

g10n vas 1ntlated and deflated. To create negative &lveolar pressures the 

weights vere saply hung on the opposite side or .. spiro.eter pulley. In 

gene.ral, innat10n or the lower ragion tended to push the infiated Foley balloon 

baok up the bronohus which hinderad the colleotion of data for that type of , ..: 

maneuver. 

The entlre protocbl wallS cOllbined vi th that of s1Jlul taneous pleural 

pressure measurelll8nts in dog 1. This proved to be very lengthy and so to look 

at pleural pressure under conditions or lung deronution, additional Masure­

IIl8nts vere carried out independently on e1«ht doga during spontaneous and 
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intermittent positive pressure ventilation (IPPV). The surgi~ procedure 

and insertion of the nat pressure ~ea8uring oapsules _re lfsed on proCèdures 

tiret use'd by Hoppin et al (26). Basioally it cons1ated of aaking an 8 CIl 

inoision in the fifth intercostal space. A pressure-sensing capsule vith 
-

surroundlng sklrt and 0.2 Mm thick X-ray film baOking vas located over the 

l'ight upPer and right lower lobes. in the fissure and over the ventral and 

dorsal portions of t~e diaPhragM~ Each device vas held·taut by attached s1lk 

ligature brought externally thro h perforations in the costal valle TheseJ 
• 

could he used to alter the position of the capsules under radiological control. 

. ~ 
Pneumothorax vas removed by repeated nltrous oxlde infiltration tollo_d b,. 

pneumatic suctlon via a catheter inserted in the pleural space. The capsules 

were .denated in situ to a pressure of -20 cm H20 and infiated vith a pre-' 

determined ideal volume to.minimize artifacts-due to balloon elasticity. 

AlI pressures were mea~ured vith Hevlett-Paêkard model 2676 trans-

duce,rs anet the recording channels vere balanced and calibrated vith a vater 

manollleter bafore every experiment. An electrioal calibrating signal &quiva­

lent to 40 cm H20 vas established using the zero suppression circuit on the 

carrier amplifiers, calibration relllained vithin ± 0.5 ca U20 tnroughout each 

experiment. 

While the dog vas baing ventilatèd, a .consistent volume history ~s 
~ 

established by blocklng the expiratory l1ne untll the lung reached TLC. Fol-

loving return to FRC, the left main and the right intel'llediate bl"Onchi vere 

obstruot8d. Pleural pressures were recorded before and àtter obstruction. 

The procedure vas simUar tor the spontaMouS breath1ng dog except that prlor 

1ntlation to TLC vas olllitted. 
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Chapter III 

~ RlSULIS 

Combination of the data for upper and lower lung regions tor each &1-

veolar pressure was possible ~~ause th. results vere qualitat1.vely th. s_ 

in both cases.. Alt~ough ~ore air vas usually pushed out ot the e~udal lobe~,· 
the dUterence vas not signifieant. '!'he efteot ot ditterences in the sises 

1 

of lobes. has been nomalized by expressing the resu! ta as per cent. 

Volume Data 

'lbe tel"lll l. Vx refers ta the volwne cMnge of a lobe or lung region . 
being inflated (positive A Vx) or deflated (negative AVx) by the app11ed 

-

action ot the syringe whlle AVy refers ta the voluae change of the region 

connected to the spirollleteI:'. Hence AVx is alvays the 1ndependent and AVy 

the depandent variable. '!bey are both ,reterenced ta either FRC (Palv = PB) 

or ta lung volwae~ which have alveolar :~asures ot 10, 20 and -5 CIl ~o. 

Figure 4 shovs me&n resul ts tor upper and lover lung ragions co)n.cted 

ta the spirometer held at atlllospheric pre a sul"8 ,PB. While one ragion vas in-

n.ted with • syringe, the o~er !'8gion denated pl'Ogressiyely. The total "&l'l 

. ' 

volUllle change reached -12.5~ i 2.5 (S.E.) ot the total volUIM pushed in by the ~ 

syringe (A Vx max). Then AVy remained constant whlle A Vx decreas.d by 2~ 

revaaling "hysteresis". FUrther decreases ot AVx oaused AVy to beco.e pl"O-
~..r 

gressively IIlOre positive (inflation). In one individual experiMnt AVy Mx 

vas J~ ot' A Vx max (at Palv = PB) 11h11. in aU other cases i~"'vas betveen ~ 
and 14. 5~ 01 AVx max. Ta conaid.r the posslblllty that the lung aay he "1'7 

. liquid-like for smaUer detonutions, a .. Flg. 5. The pointa at Vin equal tG 

20, 40, 60 and 80 ml are nearly on the s_ 11ne produoed by larpr defozaUon. • 

.. 
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;. Henoe no _rked inona .. ot ,d1atortab1l1t1 vas deaonstrated. In ntrospeot 

1t w.ould be h1chlY unlikely tbat the nlponse tor aIV ot th. data could start 

ott v1th a "1'7 st.ep rate ot change ot AVy tor ...u wl_ ohanges. To 

, do so, it would then have to fiatten ott in order to get back \n the responee 

tor larger yoIUlM inore.nts. \ 

At ,YOluaes belov FRe, (Palv. -5 CIl 1120), there vas a IS11~t reduo­

UOD in slope ot the curve (Fig. 6) aa AVx approached AVx lUX. '!hi, 18 

eVidence- that airvay clolSure began to ooour in the reg1.~n denating into the 

ap1.JooMter. 
4 

At voluaea above FRe (Figa. 7 and 8) there vaa reveraal ot the d1~10n 

ot h,ystensis and. AVy vas l.aa than when Palv :z Pa- Also, AVy becue positive 

beton A Vx ntumed ta the start1ng point at MI'O. 'lbus lung innation oc­

curred seconda!')' to the applied detoraation. 

A QOIIP&rison ot lung,distortabllity relative to th. chest vall at 
) .. , 

ditterent lung wlUJles can be obta1ned tro. Fig. 9. Hone ot the responses 

caae clon ~ the 1sovolume llne that represents pure liquid-like bebaviour. 

Greatest distortabllity' (l ..... dope ot the AVy vs. AVx plot) o~curred at 

FRe wbere Palv 1& Ps- Surpr1s1ngl.y, the .an initial slope vas less at a lover 

lung 'YOIUM (Palv = -5 ca 1120), but this ditterence vas ~t s1gnit1cant. Sinoe 

one would expect the lung ltaelt ta he aore diatartable at lov lung volUJlles on 

the bas1s ot dlrectly observable propert1es ot exclsed lobes, this IlUSt .an 

tbat th. chest wall also be~s IIOre d1stortabl.e. As one vould expect, at 

h1gber lung -.ol,..s, the lung parenohyaa beooaes quite stUt and. at PalT III 20 

CIl 1120, AVy vas &81'0 tor' aU AVx. 

'relIure Qat! 

Although s1aultaneoU! pleural pressure _asure.nta were .. de in OIÙJ' 
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one expers.-nt, the results are all quit. oonsistent (Figs. 10 - 13). In all 

oases, pleural pressures at the ooatal wall rose progressively over the region 

belng infiated by the syringe as one would expeot. '!he tra)lspulmonary pressure-

volUJlle ourves all have the oharaoteristio vell-known shape. HOdver, in all 

casee, very litUe change ln pleuJ'al.pressure oeours over the region oon-

neoted to the spiroaeter (at the point lIleasured). 'Blue very large ditterences 

in pleural pressure &long the costal wall ocourred ~e in Fig. 10A where the 

ditference reached 20 CIl UzO. Also the direction of the pleural pressure gra-

dient be~ ... completely reveraed in going trom high lung volume (upper right 

quadrant) to low lung volUlH (lower lett quadrantf. Solle ot the ditterence 

may be due to.a costal artifaot caused by one pressure capsule being in an 

tnterapace whUe the other was und~r a rib but Fig. lOB shows a d1:f'terence ot 

11 CIl UzO in the opposite direction when the lover lobes were -V1nated. 'lbe 

devi~s vere not IIl&nipulated between these two 1Ilaneuvers and lt 18 unlikely 

th.~they could have changed position signitioantly due to the motion ot venti-• 
lation. Ir the d1tterenoe ot 20 cm H20 is toc high becauae of oostal. artitact, 

. 
then the difterence of 11 CIl H20 must he too low for the same reasodt theretore 

the real ditterenoe between aean pleural pressures at e.ch site must lie sOlle­
. '" 

where bet_en 11 and 20 CIl H20 whioh is still very large. 
. \ 

Fig. 11 shcws the pressures taken tram Fig. 10A plotted against the 

voluae oh.nge ot the oorresponding lobe having Palv III PB' At tirst s1ght 1t 

s_s paradoxioala pleural pressure ~o ... aore negatin as voluae deore.sed. 

"-
One oan only conolude that pleural pressure vas inore.sing at sOlle other point 

(lIOst likely in the tissure), thus re-emphasis1ng tha t dlftenmC8s in direction 

ot ohange ot pleural pressure oan oceur. 

Re sul t. ot the ~euNl pre~sure .... ure .. nts ude 1.J'l e1ght !ndependent 
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dogs âre s\œl&rized 1r1 Table l (paga lf6). Only the' ohanges in pressure ~re 

shown bècause these are direotly relev.nt to the theor.yrdeveloped herein. 

'. Absolute pressures recordad by the capsules are true at the point JIleasured 
1 

but lUy not. represent the aean pressure at that lung height because ot costal 
" • , 1 • 

variations, despite the plastic baoking. TheJ;,efore, vithout JIlore JIleasurèMents 
> ' 

.1 

a~1 ditterent l-u'ng h~1ghts, lnterpretat16n ot absolu"te pressw:~s at only tvo 
, 

sites might be .1sl~ading • 
... ~.. l) 

'lba data elaarly dalllOnstrate that 1) plaural pressure ohanges during 
Q 

no:nu1 VentUation are radieally different over difterent surtaoas of tha lung. 
'. 

fUrthamore', regional di'lf'farences are not systematic among~ animals. 2) The dit-
o 

'r-arence~c~aS8 undar conditions of increasad, 1nh~mog~neity ?t v~ntilation 

suah as occurs °during lobar locc~u5ion. J) 'J:'b..e reduction of plaural pressul'8 
) 

change IlPpl on tha costal sida acts in a direction to ~c_sa trans-loba>r 

pressure (Pao - Ppl) at and inspirati~n (a.i.) cof th~ oC,oludad lobe. Tha 

la~ter point" is ~.adily saan by noting tha changa oi lIU1gnitud~e of APpl 'over 
~ . 

the lover lobes. troa control to occlude conditions. Dur1ng IPPV 1t vas re-
• ~ , ~ 

duced v1thout axception by amounts up to 4.? CIl H20. 
" 

Therefore Pao - Ppl 
..e-, , 

at \ a.i. IlUSt have !nereasad. 'lba increase of pleural pressull8 ovar tha right 

• o' 

, ~ _r 1.~~1aply' Nn.~t.,. ,th. inc ....... d t1dal vol .... l'Ocol ... d from:th ••• n-

" stant voluae puap circuit folloving lover lobe occlusion. Baing careful. to 

-\ 
'\ 

\ 
, \ 

" 

. " 

, '1 

account for algebra1.c sign, Pao - Ppl at a.1.. inoreasad on tha lover costal ., , . 

side ~ fol" both IPPV and spontaneous ventUation. 

Observations 1) and 2) U"8 of central interast to the theo1'8tlcal dis" 
, ~.~ 

é, 

cussion. Observa~ion J) i5 not as directly ~levant and cannot be extendad 

, " , 
to ap}Ù3r to the ent1re pleural surface. Fissure and diaphragmatic pleural 

, ' 

pressU1'8 changes oecurred in both directions of magni tude~, example. in 
d 

, ',J 
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dogs 1 and 8 during IPPV, the pressure in the tissure inore.sed, ratber tnan 

decreased, by 0.9 and O.8~CII H20 respectbely. 'lhe occurrence ot these in- ( 
• Q , ( 

cl'eases simul. tan~ou~ly vith decreases at the costal surtace renects the 
'" (' t.J-

" .. \.. * ' • A 

tact that the lung vas being subject&d to det?~1ng stresses. 
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Fig. 4. Results of AV~ ~loited againat AVyf. (_an + S.E.) for 
11, lobes vith Palv = Pa.' AVy progresslvely reached -12 • .5~ (.d8fiatlon) of 
the total vOlum, of air pushèd in v~th the syringe (4Vx lUX). Upon with­
drawal or the syringe,. AVy ,inereased revealing -hysteresis-. 
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IlV Upper Lobe 
ml 5 

-100 100 200 300 400 500 600 70C 

VIN Lower Lobes ml 

-20 • 

- 25 flVy = 4% flVx(max) -----------------------------
-30 Mean ± S.E., of 7 measurements 

Fig. 5. RBsult of AVx' in ml plotted against AVy in ml (mean + 
S.E.) tor one doge Cons ide ring the slope as an indicator or lung dis-­
tortabllity. no marked increase (i.e. by severa! orders). vas tOqnd for 
very small changes of AVx. '", 
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Table l 

Pleural Pressure, purin& Lobar Ocolu,ion" 

Inte~lttent Positive Pressure Ventilation 
(VT • 200 - )00 al) 

Do@ Condition àPpl APpl APpl APpl . APpl 
No. oontrol (C) Upper Lover Fissure Ventral Dorsal 

occlude ~ol I.2be Lgbe '. D1aehraB! Diaehrae 
1 C ).8 2.) 4.5 4.1 1.7 

0 4.1 lIt i·
4 1.4 1.J 

2 c 9.6 5. .0 J.8 ).) 
0 1918 2.6 ~.2 2·a O.~ 

) c' ., .9 5.? 9.) O. 5.4 
0 16.0 1.0 8.0 0.4 0.4 

4 C 2.4 ).? 2.8 
0 2.4 1.Z 1.2 

5 c 5.0 ).0 4.0 ).0 
0 2.0 2.4 J.4 2.2 

6" C 5.4 4.1 ).2 ~~ 
0 10.0 1.~ o.~ 116 

? c 4.,0 2.5 1. 
t 0 ~.O 0.8 °L2 

8 C 4.4 ).4 ).2 
0 8.6 2.3 4.0 

Spontaneous Ventilat10n 

1 C -2.0 -1.8 -1.) -1.) -2.0 
0 -2.2 -:l10 -2.1 -1.6 -JI~ 2 C -1.4 -1.8 -1.7 -0.7 -). 
0 -OIZ -2.2 --JI~ -21~ :ill ) C -).7 -1.8 -4.) -9.0 .9 
0 - 8 -6 - 0 -1 -14 

5 C -1.? -1.) <> -1. -0.4 
0 -1.2 -4.0 -J.1 -2~2 

"8 c -2.2 -1.0 -2.4 • 0 -2.2 -~.2 -J.J -i 
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Chapter IV 
" 

DISCUSSION 

Bafora dis0U8sing the implication3 ot our data regarding the mecnanios 
• 

of ~~ pleur~space, it i5 important ta oonsider how Iftuoh of AVy vas attri­

butable to gas exchange. 10 theoretioally detel'lll1ne the effects of g&s ex­

ohange on AVy, i~ would he necessar,y ta knov the peroentage change in lung 

volUJM (AV/VL) during a breath hold of JO _ seoonds in 20 kg anesthetized 

paralyzed dogs. Wa vere unable to find such data but ( AV/VL) may a1so ~ 

detena1ned from the following fomula a 

AV • (fl2.. -1) x 100 
VL P'N2) 

where PN2 partial pressure ot alveolar nitrogen at the start of' 

breath hold. 

P'N2 = partial pressure ot alveolar nitrogen at the end of 

breath hold. 

Lanphler and Rahn studied breath hold in huraans at rest and during 

mUd vark (Jl). Fra. thelr partial pressures of <>z and CQ-z, PN2 and P'N2 ' 

can he calculated acoording to PN2 III (Pa - 47 ~ POl - PCOZ). Mean initial 

lung volUJ18 vas 5.J5 litres. 

at resta PH2 vas ';IJ? IIIIIHg' at t = 0 

P'H2 vas ';IJ8 JmlHg at t = JO sec. 

therefore, .Av/vL vas J; 0 

during· alld varka' PN2 vas ~? .Hg at t III 0 

~ P'N2 vas 588 ~ at t • JO seC. 

Ul.refore, Av/'IJ. va. '7~.~ 

.' 
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It seems therefo~, that the mean respirator,y quotient, R, during 

breath hold vas auch hlgher at rest than dur.ing 'exercise. Further conclusions 
. ' 

..... • • ~ 1),) 

can only bè qualitative. '!he effect of gas exahange on° AVy in oUr experiments:, . . 
" .: vas probably very small and acted> in a direction to malee AVy more podi tive" 

"-

through-tvo ~chanlsms. 1) by a direct effect on the lobe Qonnected to the 
. , 

spll'OlII8ter and, 2) indirec:tlY by causing volUl'lle changes in the let't lung. 

This aight.shift t~e medlastinum and produce an inflating force over the lobe 

- conneoted to the spiro~ter leading to an additional iricrease in 6Vy. If the 

'erfect of gas exchange vere large ~ then one would expect the 'return 11mb of 

-Fig. 4 to have a. much steeper slope than the torward 11mb ~c~use oxygen up-
... .. .... l, r r. III 

-
J take would he acting to enhance the movement of air into thé spirometer.... '!he 

hysterèsis loop would he in the opposite direction. Thus ve feel that the 

effect of this uncontrolled variable vas small. 

Our results show that induced deformations result in ~arge differences 

in ;l~ural, and transpullllonar,y pressures consistent' wi th the' da tâ o.f D' Angelo 
, • ~ 1 

1 " 
et al who also lIl8asured pleural. pressures during lobaI' occlusion' using the' 

, . " 

counterpressùre technique (14). Howe~r, when they passiv:~ly Wlated the right 
. -

upper lobe, ";"an ple.u~ pressures over the lover çccluded lo~ vent :f'rom -2.1 

to -1.4 cm H20 ... With pa'sslve'"inflation.'of the r~ht lowèr lobe, theochange 
, . 

, .... ,) . 
over the upper lobe was -2.5 ta - ~. 9 cm lf20. . That is, in both. cases, pleural 

• 
pressure vent sl.1ghtly more ~sltive. '!he sma~i.f:f'erence between tl\eir re-, . 
sults and those shown in Figs~ 10, 12 and 13 (pleural pressure remained almbs.t . . . ~ , 

, . . \. 

constant) ls eXJÙained by the faot that aJ.veolar pressure of thelr,occlu~d lo~sl 

could change with isovolume lung deJ;'ormation whereas j,n our experiment ~lveola;r. 

pr,tssure vas held constant. 
e 

Robertson et al (42) 8XUlined lung dlstortabili ty when the exclsed 

. , 
.' 

• i' \ .. r--.C .. ~ 
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lung vas subjected to a detonaation at a single point. Although this type 

of ~eformat1.on was.quite ditterent troll that ot the present study, qu'~ita­

tively they bath reveal increased lung resistance Jt deformation at higher 

alve~ar pré'ssures. Interde~ndence vithin a lobe increases vith lung volume 
, 1 

(35) probably for the, sante reaso,n that it getS st1!'ferl the tension of the 
~ < 

elastic fibres is increased. Results in Figs. 4 to 9 show that there Is aiso 

mechanical interdependence betwee~ lobes even though there are no parenchymal 

attachments. That ls, the vol\Ulle ot one lobe iapinged on that of the others. ' 

Mead et al (J4) claimed that "there ~a~_be_lLttle aechanical ~terdependence 

o at the lobar level" but thls stateDlent overlooks this tOl'll of lleQhanical inter-
" 

dependence vhlc& arlses from the sharing of a common container. Fig. 8 also 
'. 

reveals lol:?ar Interdependence acting via a moveable chast wall. Th~ plot ls 
ri' , l "-

at first nat indlcating that the lung was very undistart;.able and/or that 

Any defi.tion vas .counterbalanped by intlaUon of another region due tô an 
.. ' • ~ #" 

expanding chest"wall. Then when t:.....Vx ws re'duced, liVy 1I8nt positive. AlI 
, , . 

the points rerlect a vol~ higher than the starting volume t which can only 
t l 

occur if the return of the chast wall lag~ed behind reductlons of AVx. This 
, l ' 

lag yiel'dea. net inflating' forces on the lobe c~nnacted to the splrolll8te~. ~ 
, ~ Ob .... ~ .... 

lag vas presumably due ta chest wall' elastlc hysteresis, however the presence 

of hysteresis is not neces~~ry to the I19Çhan1S11 of interdependence via the 
.. 't:>" t ~ \\ 

chèst wall, It. just served to enable Its observation • 
.., ..... .. " 

Considering again ·th'; categoriè~ ot relative distortab1l1ty in Flg. 2, 
• ,e li 1 

we' 60nclude that the data dSlIlOnstrate that' the dog lung in situ is not liquld-

_ike even at 19w lung vplumes. ,Ho1l8ver, bath the lung and chest wall are dis-
. . 

tortable but the chest wall ls stitt enough to cause large d1f'terences in 
., 

pleural pressure. 'Ihi;S- e11lll1nates categories 1, 2 and 3. 
, r • • 

.. 
.. 



Fig. 11 shows evidence that count&rbalancing stresses vere applied 

ta f the lung (category 4). Although ;ranspullllonary press~re. Palv - Ppl be-
l 

came More positive. AVy went 1I10re negative. Obviously stress On SOIle other 
o 

lung surface decreased. Since stress changes 01 opposite sign occurred. the 

resulting deformations would cause vo~tœe changes that vould tend to cancel • 
. 

Renee AVy 1s not representative of the total deJf'omation of that regiori ot 

lung. "n'le fiatness of the response in Fig. 8 may also he explained .t least , 

in part by the 15AJ118 phenomenon as well as by decreased lung distortability. 
1 

~latively _1D1nO~ shifts to either si.de 01 the eounterbalanced situation eould 

account for the overall data. 1 

'lbe f1f'th category doea not descrihe the data Jl811 because AVy was 

not relatively large.. However the sixth category aight he as ~portant as the' 

fourth. "n'lat is, there are t(ro mod-els. bath of whicb explain the SIIUÙ.l. AVy 

and large differences in pleural pressure. 'nle fintt of these (category 4) 

acts,.,~by pl'Oducing deformations of oPpos,ite' sign using a rigid chest wall and 

the 'second (oategory 6) aets by pl'Oducing relatively small lung detonu.tions 

but • large. deformations of the ehest wall. The issue could he reaolved by 

lIleasuring chest wall deformations with magneto_tara during the sute type of 

experim~nt. . l, 
50 far. geo~trica1 factors have not heen "ineluded in. the discussion. 

What i8 the consequ~nce? Very litUe. beeause quantitative eomparisoDs of 

distortability us1ng, some appropriate index have DOt be.n JUde. Rather. IIOd.ls 

that simply possess varioul5 IIl8chanisas of lung ~ chast va11 coup11ng have 
.) 

been diséussed. .' 

'Ihe tact that it was possible ~ reversè-tbe pleural pressure gradient-
, . , 

by deforming the lurig (Figs. 10. 12 and 13) supports the hypoth.sis that. dit-
" , 

\ 
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. ' 
terenee! in pleural pressure are eaused bl" the det~raation that the lung un-

dergoes in fitting ~e ehest wall (43. 17. 33. 41). PUture exper1aents tbat 
, ' 

1 

examine the pressure eost of deto~atlon Jlus~_take into account the abllity or 

. ." the lungs to adapt to dUterant types' of defomation. . For exaaple" the tind-

1ng bl" Grasslno et al (22) that the gra~1ènt ot alveolar expansion ot the bu-
. 

man lung in vivo did IlOt seell to' be altered bl" large but pbysiological tboraco-

abdoa1J:la1 shape changes. mal" simpll" reneet the lungs bu11t-in eapacity to adapt 
J 

to tho~e changes v.ia inter-septal slip'pages, lobation and parhaps other un-, - . 
known meehanisms. On the other hand. the lung does not adapt vell to the de­

foradng stresses applied by Robertson et al (42), Zldulka et al (48~ 4?> or 

bl" those applied in this study'. The inhomogeneity of lung parenchl'Jl& vas 
• 

greatly inereased eoupled with large dUterenees in pleural pressure. From 
J 

a teleolQgieal point ol view, adaptation 18 probabll" better when the detol'lling 

/ stresses resemble those to he coped with in, real lite. To ~ extent that 

adaptation., ill not achieved', d~tomation and concomitant inhollogeneit:r will 

become more severe. 

Years ago, Dubois et al, lound that movelll8nt ot the 1011er chest wall 

·lagged the upper chest'wall under dynamic conditions (1S). 's1mllar conclu­

sion CUl"be made lrom the results of Sake et al in nomal subjeets (6). Froa 

measurements of 133Xe distribution at different,physiologieal now rates they 

found that the lower lung (and h~nce. the chest vall) lagged be~ the upper 

lung (and chest wall). Diseases which éause airwal" obstruction aay also re-

sult in one lung region lagging another in volume. 'lbe experiaents described 

herein are static equivalents ta the dynamic phase lag situation, 1.e., tvo 

lung regions" are subjected to different transpulmonar,y pressures at the saae 



, 
applicable ta the dynamio situation. Tb th18 extènt, detonaations ot the lung 

ocourring under disease oonditions, suoh as might ocour with grossly uneven t1me 

constants, result in detormationspf the chest wall overlying the lung. 

pressure oost or chest wall ~erormatlon8 i~8ubstant1al and r8sults in an 

aMpliticatlon ot the pressure applled to the lung ~hloh acts to minfmize the 

lung deformation. 

1 " . \ 

~ \ 

• 
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Chapter V 

SUMMARY AND CONCLUSION 

The relative distortability of the lung Abd ehest vall has baen 

exaa1ned theoretieally and it has been shown that the bahaviour of one vhen 1 

stroessed is intrioately l1nked ta the physioal properties of the other. Ex-

periment&l evidence olearly demonstrates that the lung in situ does not bahava 

as a liquid even for-'relatively 'smaU defonaations. In addition the data 

reveal deereased lung distartabUity aà lung volume inoreases, explicable by 

the aeoompanying inereased lung tissue fiber tension. To the extent that the 

lung oannot adapt to regional stresses via lobation, interseptal slippâge and 

perilaps other l180hanisms that help ta prevent further parenchymal inhollogeneity, 

J 
ragion&! d!fferences in pleural surface pressure are established which pre-

""-

sUlllably detona the chest valle These results are compatible vith the bypothesis 

that the shape discrapaneies betveen the sponge-l1ke "lung ail the chast vall 

are responsible for the gradient in pleural pressure known ta exist under normal 

pnysiological condi~ions • 

. '!he inte.r&etlon of the lung and chest vall that leads to large dif-

ferenees ln pleural pressure under stress conditions, rasults in a hOlll8ostatic 

~hanislll vhieh tries ta ~reserve the same alveolar expansion and ventilation 

di$tribution. Even ln nomal lungs. det8ctable phase lags are present betveen 
. -

upper and lower lung zones at physiological nov rates so that thls 1Il8chanisa 

... y he operating continuously. '-

• 
Pres~\re tra~i8sion through the lung cannot he s~plified by appli-

cation of Pasoal's 1.", ("Pressure in a llquld ia tranSlllitted equally and un­

d1ainished throughout _ the liquid"). 'Ibe trallSllllsaion must he a more co.plex 

) 



" 

(J, 
) l 

." 

~ , 
tunotlon of paren~ geolll8t,ry and stress-'strain oharaoteristi'Os. F\1rther 

to this, the blPotbesis that there ls a dissooiation between local pleural 

surface pressure and reglonal alveolar expansion may aocount for some dis-
'\. ' 

crépano1es in the 11teratul'8. li\lture studies lIight pursue this by exam1ning - , 
1 

pleural pressure and regional lupg volumes during var10us types of quanti-

tated stresses on the chest wall. 

/ 
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POINTS OF OamllW.m 

1 ) A MW procedure bas been desoribed to eu.1 ne lung and ohest wall dis­

tortabllity and the ,inf!uence that applied pulaonary stresses have on the 

pleural pressure in dogs. 

2) :it has been shown that an inhOilogeneous stress on the dog lung in situ 
) , 

l'esults ,in subst&ntial d11'.terenoes in pleural surface pressure. 

J) . Evidenoe bas been presented that the dog lung' in situ beCOIll8S less distor-

table .t higher lung voluaes. 

4) Direot measurellents of'costal, fissure and ~1aphragmatic dYnamic pleural 

surf'ace pressures reveal 1lIlportant topograJll:lical dirrerenoes in control 

sup1ne dogs and even greater d1fferenpes in dogs undergoing lobar occlu-

sion. 
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