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In order to assess ‘the relatipvo distortability of the dlungs and chest
wall, we oannu.lated one lung in 1ntaot anesthetized dog\ and starting at dit;— ‘
ferent lung volumes (Vy), inflated ore lobe with known volume increl.uents
(+ AVx) using ‘posﬂzive pressure, leaving the other lobes freé.to ch;nge
volume (+ AVy), 1,8, inflate or-deflrnt.‘e. Iif th? 'lung were very distortab}e

(l1iquid-like) AVy would equal - AVx. If the chest wall were very disfortgble,

. QVy would equal zero._ If neither were distortabls, AVy would be very much

greater than zero. At low Vp, AVy max was -12,5f of AVx max. At high Vi,

4
AVy max was zero. Maasured pleural surface pressure differences between lobes

were large. Results indicate that: 1) lung distortabﬂity decreases as volume

increases; 2) the pressure co;st of chest wall deformations is st}bstantial am}

results in marked regional differences in pleural surface pressures,
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Dans le but d'évaluer la distorsion rela 130 /)nm l» poumon et

[N -~

‘la cage thoraolquo,.-chou,dgs chiens anesthésiés, aprds canulation d'un

poumon, commengant ) des niveaux pulmonaires (V[ ).variables un lobe est

—

gonflée % différents volumes (+ &Vx) alors que ioa autres peuvent \Iarier de
fagon paafiv; (+ Avy), d.e., se gonfler ou se dégonfler, Si les p'oumons' l_
sont trds déformables (comme un liquide) AVy sera égal 3 - AVx. D'autre °
part, sl la cage thoracique est tr¥s déformable, AVy sera égal } zero,

Enfin si aucun n'est déformable, AVy sera pl\.;s gru?d que zero, Aqbas volume,
AVy max est -12,5%.de AV max alors qu'd haut vo].u:me, AVy max est égal 3
ze;o. Les différences de prt;ssion pleurales de surface entre les lobes )
ét.aiept grandes, lLes résultat:s indiquent que: la déformation pulmonaire

est inversement proportionnelle au volume, Le collt en pression de la défor-

!

‘'mation de la cage thoracique est ‘substantiel et se traduit pour la pression

pleurale en des différences régionales marquées,- ’ ‘ ,
: | , _ /
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.o Statement of the Problem

‘ The mechanical events through which foroes are applied to the lung

are basic to respiratory physiology because they produce ventilation and de-
termine in part its distribution within the lung and the work of breathing.

In considering ventilation di(stribution, a parameter of utmost interst is the
local otranspulxdomry pressure (Py), Since pressure at the a.izjway opening
(i"o) is easilyr measured, local pleural pressure (Ppl) over ""t;\o whole lsurfaoe
of the lung.b;conos the unknown parameter, A number of techniques both direct
and indirect have explored the topography of pleural proasu're but none have
yst been universally accepted, A brief review of the various techniques used .
will be pm;ented, followed by some theories of pleural apace\ mechanics, .
Since the study of mechanics ultimately leads to soms form of stress analysis,
experiments are described which attempt to qualitatively oxu'nine the distor-

|

tability of the .lung relative to the chest wall. The distortability of these

3

two structures will have an important influence on local pleural pressure and

ventilation distribution.

¥
Early Measurements of Pleural Pressure
Carson (8) in 1820 was the first to measure the elastic recoil of the

lung, This was done on a cadaver by connecting th; trachea to a water mano-
meter and observing the positive pressure developed when t,.ho thorax was Oponod‘
to the atmosphere, Von Neergsard and Wirz (39) obtained measurements oY

. pleural’ pressure on man in vivo by punoturing an intercostal space and using

a pleural cannula to measure the pressure in a relatively large pneumothorax.

/
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The size of the pneumothorax was increased from 100 to 1100 ml to yleld data
at different lung volumes. Christie and McIntosh (9) reviewed the work of
t;ese and other pioneeriﬁg‘invéstigators,'discussed their relationship to
puimonary elastic, recoil agd gave evidence that, ;itb the technique of measur-
ing pressurs in a large pneumothorax variation of several centimeters of water
we{z to be expected.. They used a pleural cannula, 100 cm of fubing and
several water manometérs in series (which reduces the flubtuatidq,‘tﬁéteby
improving the frequency rJSpodEL) to measure pressures in a small pneumothorax'
(LO ml) and standardized the ;hole tacgpiqﬁe as to position of injection,
gaéﬁ&:p, recor?ing'of ;iQal alr and lung volume, Since it was realized that
even pneumothoraces o£n40 ml ‘caused a change of the pleural pressure, Farhi
et al (18) sampled pleural pre;sure wiib a needle surrounded by a seal so
that only.0.2 mlsof air was introduced, They found that with the dog in the
supine positiod,'the_gleural pres?u;e was fairly uniform at all points over
the lung surface except at the extreme bases on the dorsal surface and at the
apex, However thex found abrupt changes even after death which they could
not explain and the technique has been severely criticized by Agostoni (1)

in that it is probably subject to surface tension artifacts.

4

Recent Measurements of Pleural Pressure

A review of the techniques being used today show that many difficulties

are yet to be overcome, First it is important to differentiate between pleural
liquid, pressure an@\pleural surface pressure, The latter is defined (1) as
the net force per unit area p;rpéndicular to the pleural surface and is the
pressure that determines the degree of’expmnsioq of tpo lung under notmal con-
‘ ditions, Inside the plﬁufal spa;e there is a contimual net transfer of liquid

from the ”aptoq:3to the vascular bed which raduc?s the volume of pleural liquid

- A - N o




until contact betw;on the lung and chest wall provc;nt a further reduction (44),
If coritact were not to cocur, the pleural liquid pressure (which 1s simply the
hydrostatic pressure of the plesural liquid relative to atmospheric pressure,
PB) would equal pleural surface pressure, Once contact begins to gc;cnr. net
removal of more liquid lowers pleural liquid pressure below surface pressure
untll an equilibrium is roacimd between the forces ;'oloving liquid from the
pleural space and the stresses between the surfaces in contact. The situation
is very analogous to a large Jjar representing the chest wall which contains ‘

an inflated balloon representing the lung. The balloon is surrounded by liquid.
If a syringe is used to suck out all the liquid through a side port in the jar,
the balloon will expand until it comes into contact vith the jar. Further
suction lowers the liquid pressure between the balloon and the jar but since
the balloon is unable to expand further, its transmursl pressure must remain
constant, Since the inside of the balloon 1s open to atmospheric pressure,

the surface pressure on the outside of the baclloon also remains constant. BHenoce,
liquid pressure can be greatly different from surface pressure (40),

The techniques used to measure pleural surface pressure may be listed

under the following headingss R

INDIRECT
1) esophageal pressure
2) regional lung volume by 133Xe
3) alveolar size by morphometry
4) weight-area hypothesis ) ‘ -

5) lung density »
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' 6) intrapleural pressure-sensing flat capsule
. . the sane

- principle

7) Antrapleural pressure-sensing balloon

8) measurements in a small pneumothorax

. 9) Mcéi‘rfurpnuun technique
( .

’ ‘Egophageal preggure, The n':euuronont of osophaénl pressure with
adequate bnllc;ona has provided useful data about ch-mges of pleural surface
pressure and to some extent about its absolute walue, I.t has d;o allowed the
dqtomimt;ion in living man of the static and dynamic volu;u-proesuro relation-
ship of the lung and of the chest wall, Hence this method has greatly contri-
buted to t‘.ho progress of the mechanics of breathing, However its contribution
to the knowledge of the topography of pleural pressure 13‘ small because only
a limited region of the pleural surface may be scanned from the esophagus and
even data obtained with ado;qucu toch.ngquos m.;st be taken with reservation (1).
. v '
Pegional lung volume by 133Xe. Milic-Emili and his associates (7, 27,
36, 37) measured regional alveolar expansion by dilution of 133Xe during in-
spiration and from measurements of esophageal pressure they calculated the
transpulmonary pressure as a I’mOtion of lung height in seated man over all
the vital capacity range, A necessary Aaaunp;.ion is that mean alveolar ex-
pansion of any horitontal slice of lung seen by a counter was ropnsen;uv-
of alveolar expansion at the pleural surface at the same level, That is, it

assumes that the parenchyma at any one level is homogensous. This may not

be ocorrect. Homogensous may be defined as having uniform elastic properties

and distending pressure throughout, Henoe, neglecting differences in upper and
»

lower lobe puuun-voluu' charecteristios, an excised lung inflated with

7
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positive pressure 1s homogeneous (28), whereas-a lung in situ is not be-
cause there is a gradient of alveolar expansion (21, 36). Tat is, the lh;;
in situ ‘13 deformed, but because the lung \oonsists of lobes which may slid;
over each other, the degree of alveoclar deformation is not as severe as it
night otherwise be. In other words, the lung has some ability to suffer de-
formation andl remain homogeneous. The sliding of lobes presumably helps to
keep the parenchyma as homogensous as possible during the lung and chest wall
deformation that occurs with changes"in posture (26). However, the lung
undergoes smooth indentations at each interspace along the costal wall (J.C.
Hogg, personal communication) meaning that it is deformed along its surface.
Any subsequent inhomogeneity qay not be very deep (12, 42) and therefore al-
veolar expansion close to the pleural surface may be different from mean al-
veolar expansion of a horizontal slice. 0 '

To determine whether or not alveoll at any one-level are defoniod be-
cause of shape differences between lung and chest wall, D'kngolo (10) carrioc'i
out n'orphonotrio studies at the pleural surface on rabbit lungs in situ and
on frozen sections taken from a core sample at the same site, He found that
in most cases, the volume to surface ratio (V/S) of alveoli at the pleural
surface vas the same as alveoli desper in the lung and that the geometry of
alveolar expansion in situ was similar to that in the isolated lung: Their
data provided a direct demonstration t under most conditions there is a°
unique relationship between alveclarisize and transpulmonary pressure, dospi;.o
the marked deformation that occurs in fitting the lung into the t.ho\x\ax. The

¢
. lung for the most part therefore appears to adapt its shape to that of the con-

tainer without undergoing local alveolar deformation at the pleural nurtaoo".

“as if the alveoli could slide a 1ittle on each other®, Hewever, an important

~
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“with tungstenlbeads in the airwayqﬁto increase total lung welight, alveolar .

exception tg this was found. In the upper lung (2nd intercostal space) of

head-up rabbits at Fﬁd and in the upper lung of eviscerated supine rabbits

]

deformation at the pleural surface was present, Although the precise mechanism

‘is unknown, it must be caused by shape adaptation in the thorax sincelpefor—

mation was never found in isolated lobes. It is very significant that the
deformation was found undar,canditions most akin to man (head-up and higher
total lung weight). In rabbits it was limited to the upper 20% of the lung
height. This evidqncél{yax to be confimied in man) supports the previous
criticism of the 133%e téchnf@ue to determine pleural pressure, qu’the
other 80% of the lqu height in head-up rabbits and for supine rabbits, the

data for sub~pleural and inner alveoli fit the rpl;tionship between (V/S) and

- J
_ transpulmonary pressure in the isolated lung., This is evidence in favor of the

reliability of in situ measuremepts of local pleural pressure or its determina-
‘P N ’ ¥

tion by regional lung expansion using 133Xe or morphometry, However~it would
be wrong to use evidence from experiments on small animals to support the tech-

nique used on man in an effort to resolve issues of species differences., Such

issueq will be dealt with ih the section "The Pleural Pressure Gradient", In

summaiy, the results of D'Angelo's experiment are somewhat two-sided in that
they reveal sub-pleural homSgeneity under most conditi?ns but ;nhomog;niity at
the apex in the head-up posture, ‘
' Robertson et al (42) and D'Angelo & Micgelini (12) both used morpho-
metry on excised lungs to QVfluate the ?eformation and alveolar inhomogeneity ..
secondary to a large local stress on ; small area of th? pleural surface. The

finding that the depth of inhomogoneity was no greater than 1 - 2 mm suggests

that the forcé contribution of pleural pressure from one relatively small

2




. . area of the lung may be too small, in comparison to the pressure summated over
) < )
tho remaining area, to affect regioml volume, Furthermore, in a lung placed

on a table Katsura et al (28) found a very.small depth of inhomogeneity in the
region of contact, More morphometric data for human lungs in situ may provide

a more solid basis for 1ndimct techniques of pleural pressure measurement

S #y

using 133){9 or morphometry.

»?
oD We
.

Alveolar size by morphometry. The topography of pleural \pressure i
can be calculated from measurements of alveolar size in situ using the relation-

ship between alyeolar size and transpulmonary pressure of isolated lobes.
Glazier et al (21) fixedl dog lungs in situ by freezing and masured_alveolar‘

) size by histologic morphometric techniques. The technique is subjt;ct to the _
same considerations (supportive as well as critical) ‘as the Xenon technique
previously .discussed., The tests used to detect inhomogeneity were done on

;_\/Samples taken 5 cm and 24 cm below the apex but not near the visceral pleura
where deformation takes place. ]k\xture experiments that closely examine the

& alveolar expansion at the v,isceral Pleura could help resolve this issue.

Lung density and the m}ghtrareaul;lxmthesis. To avoid using the
tedious method of nJ)rphometry to measure regional lung volume and the implicit

assumption concerning alveolar shape, Hogg and Nepszy (24) measured the dis-
. txibution of lung%nsity in intact dogs which should be inversely proportional

to the degree of expansion expressed as per cent of TLC. For calibration, the

|
procodu‘ro of sawing out blocks of lung tissue was repeated on excised lungs
' J .
frozen at various known distending pressures, The volume of air per unit lung
weight was determined and a’ pressure volume curve constructed which agreed

well and so was combined with data’ from Frank/(20) and Faridy et al (19),
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@hen the volume of air per unit lung weight at vnrioua'hoight.s in situ wvas

determined so the corresponding pleural pressures could be calculated. Again
this method overlooks possible hlveolar deformition at the apex in situ. How-
ever, the results st:lm}lated Hogg and Nepszy to compare their calculated pleu'rtl
pressure gradient to that bbtaﬂ.'med by the weight-area hypothesis. This hypo-
theslis was used by Glazier et al (21) to predict the pleural pressure at: any
level by dividing tllle cross-sectional area, A, into the uoigixt, W, of the lung
below it. Pmssuresi obtained by the two methods widely disagreed. 'l’he dis-
crepancy \uphsld the hypothesis that the lung partly supports the abdominal ‘con-
tents. l This in effect would render inaccurate any oversimplified hypothesis

‘

used to predict pleural pressure.

JFlat capsule, balloon and small pneumothorax, Hoppin et al (26)

made direct measurements of pleural surface pressure using a modification of -
tfb intrapleural balloon, An assembly of flat balloon capsules that minimized
local deformation c';f the lung were located at various poin}s in the cranio-
caudal direction between the lung and Gostal wall of nine dogs. At end expira-
tion, transpulmonary pressure was several centimeters of water lo;s beneath

the ribs than bensath the: interaspu\c:s. K residual local variation was found

in every experiment, This dn}t.a underlines the difficulty in obtainihg repeat-

able representative measurements of piourall pressure regardless of the fech-
/ .

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

the existing equilibrium of static forces should not be changed. For exasmple
the p;osonco of a pneumothorax is a departure from ‘this ideal. An onluf- !
tion of various not}u\d; using a model and a discussion of the potential .prin-'
ciples have been made by McMahon and Bromberger-Barmea (32). In their model,

pressures recorded; from needles, canmulas and fluid-filled catheters could be

-



completely independent of su}faée pressure, Pressures recorded by balloons
such as have begn used by Turner (46)'and Kreuger et al (30) varied, though
not directly with surface prossuro. In’ contx}ast tho flat capsule device was.

found to measure surface pressure accurately. At the vory edge i»f any object

. in the pleural spnoe, no matter how thin, the pleura must separate., The result-

ing deformation of lung may have quite small radii of curvature, resulting

in large local pressure variations. The design of the device removes the de-
formation at the periphery to a distance from the pressure-sensing portion, \
by surrov.'mding the sensor with a wide skirt, Error would also result from
inward displacement of the lung, the equivalent of a reduction of transpul-,
.monary pressure by a reduction of lung volume, To minimize this error, the

device was as thin a

ssible, Rather than using an assomb}y of pressure
.sensors all on‘om skirt, Z a (personal communication) used single capsules
surrounded by a plastic dentsd-dam skirt about 5 cm in diameter., The devices
could be moved about in situ by attached silk ligature. Hard plastic backing

was optional,
Y

) Counterpresiure te’i: ue. Agostoni and his co-workers have carried
out the most systematic direct mensuronfents ‘Bf pleural pressure on rabbits
and dogs (1). Although his counterpressure technique is tachnically difficult
and has not been repeated by any other group to dat;, his data show remarkable
Q-epeaubnny between animals and between observers and has the advantage that
L\it does not invade the pleural space. .Stated briefly, the technique consists

of clearing endothoracic fascia and msking a tiny incision in the parietal
pleura of an apneic animal without producing a pneumothorax. This is possible
because surface tension at the edge of the incision preyents the lung and chest

wall from moving apart, A small area of the lung becomes exposed to atmos-

-
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phric pressure and recoils inward. By sealing a capsule to the region sur-
. rounding the mcil.sion and lowering the pressure of air within it, the sgrface
of ‘the lung was brought back to the nomi position, The pressure required

for this should be equal to the pleural ,5surface pressure of that reglon, - The
limits of this lne}chod are:1 1) it can provide only static measurements; 2) it
can be applied onlir to the intercostal region; and 3) it can be applied only
to apneic nnimala at or above the resting volume of the respiratorysystem,

becafise breathing movements or deﬂation break the air-liquid miniscus at t!\e

rim of the incision, The third limit was overcome by applying the capsule to

a small region of exaosea intact parietal membrane., The surgery is more diff:\:- .
cult but the rest of the procedure is the sm;. The tension of the par;.etal
membrane causes- an artifact which is only appreciable if the radius of curva-
ture is small as in very smali animels. The second limit means that if pleural
p;g;sure under the ribs is different from that under t}':e interspaces then the
counterpressure technique gives a biased result of mean pleura\l pressure because
all the measurements are made in the interspaces. Evidence timt. the pressures ‘
are different have been supplied by Hoppin et al ('26)4who found costal variations
‘greater Qhan _f) cm H20 using their fla£ balloon capsules. In addition the results
contained herein show large differgnged in pléura} presgsure swings betueerlx upper
and I;lowar lobes under conditions of lung deformation, thus demonstﬁting pressure
disfcontinuity. Therefore pleural pressureu is almost certainly different under
ribs than under the intprspaces.

-The Pleural Pressure Gradient

L)

« Several studies have shown that in both man and dog- thero is a verti-
cal gradient in pleural pressure with more mgativo values at the lung top

(18, 30, 41). The nature of the pleural pressure gradient has been well
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reviewed by Agostoni (1) from which partioular highlights will be proaontodﬂ
included with important work published in this area sinoo 1970.

Fohrer (43), Duomaroco et al (1?), Mead (33) nnd Proctor st al (1&1)
falt t;hat the different shape of the lung and of the chest wali, bes,ides \
lung weight, could cause local difforoncos‘ in pleural pressure. Despite other
theories that have intervonod, this concept is still important, Kmugor’ ot al
(30) measured pleural pressure in head-up dogs using a pleural balloon and sug-
gested that the lung behaves as an homogeneous fluid of same mean density
which develops a hydraulic gradient of pleural pressure. However, Turner et
al (46) found that the vertical gradient of trmspu]nomry pressure did n:t
decrease with decreasing lung density, achieved by increasing lung volune.

His resu(lt.s there{ore contradict the 'liquid-lung’ hypothesis.

In man, invasive techniques cannot frequently be used. Instead,
Milic-Emili and his associates (7, 2;7, 36, 37) measured regional alveolar
expansion with 133Xe and showed that the regional volume of the ventilating
units as a percentage of their volume at TLC (VRfTLCR) was greater at the top
than at. the bottom. This was confirmed by Glazier ;t al (21) and Hogg and
Nepszy (24) on cio’g ‘lungs frozen in situ and by D'Angeio (10) on rabbit lungs
in situ, ‘n'me-'fact that this gradient of expansion exists in the species studied
seems indisputable but the difficulty has been to correlate the gr;dient of
alveolar expansion with the gradient of pleural pressure, According to the
weight-area lwpoth:gia described by Glazier et-al (21) if the lung hangs from
the chest wall and the support at the hilum is small, pleural surface pressure
at a given height should be given by the weight of the lung below tl}at helght
divi'{iod by the cross~sectional area at that height. The hypothesis is in-

consistent (1) because the lung is assumetl to be supported by a single sone
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1 ¢ Y ‘
which is contradicted when the next gone is oconaidered, Furthermore, in an

»1solated lung suspended from t'.ho apex, reglonal lung expansion is uniform and
pleural surface pressure 13‘ nil proving that expansion of the lung is not
significantly affected by its ow.n welght (28),

West and Matthews (47) refined the weight-area hypothesis and wlthout‘
accounting for Katsura's observation (28) vvoto "it 1s probable ‘that'both the
topographical differences in pleural pressure and expansion of the 1\mg are
part of the same phenomenon: deformation of the olut'io lung by its own weight,®
We are unable to understand or evaluate the paper, It is mposaiblo to repeat
tha_ finite element analysis they did for lack of 1nron;ution conoerr‘xing_ the
computer algorithms used. Nor was the model tested under c:;nditions for which

~

the answer is known (ns every model should be so tested). .

Duomarco and Rimini (17) suggested that the Iung supports part of the
migh;. of the abd?nlml contents, Hogg and Nepszy (24) were led to the same
conclusion by qualitative amlys(is of their data and Agostoni (3), hu.ahown
it by eliminating the effect of the abdomen on t};o rib cage md diaphragm ~of
head-up rabbits and dogs by evisceration. Lung FRC dropped 26% (rabbita) and
53% (dogs) of pormal FRC, ‘Greens ot al (23) provided further ovidonco in mn.
\’lhoy seated four human subjeots in water up to the xiphoid to eliminate the
welght of the abdomen on the chest wall, Lung FRC fell by 10,4% VC, and
regional lung volumes using 133%e at FRC were less at aii lung heights than at
FRC in air. However, regional lung volumes were proporﬁomtely the same when
compared to control lung’ volume in air, These results and those of Agostoni (3)
show that the ‘fung is inflated in p;rt by the weight of the abdominal contents
act,ing prinoipally through the diaphrap.

According to Agostoni (2), the distribution of plournl surface pressure ’

2
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y, ’ is essentially related_to the regional expansion that the lung undergoes "in
// ) . fitting the, chest 1 whose ;shape in turn 1s mainly determined by the action

of gravity on its parts, particularly the abdomen-diaphragm. In extensiye

studies on various expsrimental animals (1, 2, 3, 4, 11, 13) Agostoni and his

co-workers have repeatedly proved this point and concluded the followings

1) In all postgrasuat FRC, pleural surfice pressure becomes progressively more

negative from the Pottom to the top of the lung and is nearly the same at a
ﬂ given level. (Top and bottom are defined only with rospeEt to tﬁe gravita-

tional field.) 2) In a given posture and species, there is a unique relation-

ship between the pleural surface pressure apd per cent of lung height. The
vertical pressure gradient decreases as the animal size increases both within
and among speciess 3) The pressure gradient is not mainly related to the iung
weight as previously maintained (30, 7, 36, 21), but to the action of gravity
on the chest wall, In eviscerated animals, the pleufal pr;ssure gradient was
reduced 2 - 3 t;mes. Further to this they observed that the pressure-gradient
decreaseﬁ and eventually disappeared when the respiratory system was expanded by
»  increasing alveolar pressure. Also, a cranio-caudal gradient was obtained in
the supine posture, by lowering the abdominal pressure with opén airways.

In expérimont; designed to separate the additive effects Q? the abdomen
(evisceration), thb.dinppragm (diaphragmectomy) and lung weight (pulmonary
exsanguination) on the pleural pressure gradient they found that in prone and
suspended rabbits, about hqf of the vertical grndion£ of transpulmonary pres-
sure should be due to the abdomen, 35 - 40% to the effect of gravity ;n a
hypothetical diaphragm-rib-cage ;ntarnctlon and 15 -\de to the lung weight
and the gravity dependent distribution of pulmonary blood. In head-up tpbbiis
® at FRC the contribution of the abdomen fo the difference of transpulmonary
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pressure between top and bottom should be about 60f, that of the diaphragm-
rib-che interaction about 25% and that of the lung weight less than 15%. In
this posture a little could also be contt.;-ibutod by a gra ty'depondent shape
‘ effect on the rib-cage. The above partitioning of the factors contributing
to the vertical pressure gradient could be different in man,
-

Since the gradient of pleural pressure under normal conditions seems
to be mainly detgmined by the effect of gravity on the ‘ches't wall, it should
be possible to pmduc;e marked differ;mces of pleural pra:;su'm' by applying L;n-“
even stresses to the chest wall. Agostoni and D'Angelo (2) d;acreased th; pres-
sure over the caudal part of the abdomen of supine rabbits and dogs at FRC and

found that the pressure in the cranial region decreased more than in the caudal ;

a

one at the same height, l.e., a cranio-caudal gradient was produced. "l‘hese. \_{
'results showed that, 1) under special conditions pleural surface pressure in
the costal reglon may vary markedly at a giyen height and given posture, 2) lung

-

and chest wall deformation may change the distribution of pleural surface pres-
sare. | |

\ In direct contrast-to Agostoni's. results on eviscerated animals (3),
Greene et al (23) concluded that the pleursl pressure gradient in man was un-
altered when the effect of the weight of the abdomen was eliminated (the dis-—
tribution of regional alveolar expansion remained the same), This is an im-
portant paradox. Either 1) there 1s a substantial difference in the nature
of the pleural pressure gradient between small animals apd man (22), or 2) the
indirect 133Xe technique or the counterpressure technique are not measuring
mean pleural surface pressunla at a given height., (See pages 4 and 9 for dis-
cussion of the techniques).

Part of this confusion in cogyrelating pleural pressures with regional
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alveolar expansion surely must be due to the simplifying assumption that
pleural p;easu/ro at only one height of the lung is responsible for expansion of
the ll’lg at that height. A quick look at the geometry of the“lung would show
that this cannot be s0} the expansion of any region must be affected by pleural
surface pressures at many heights that are equidistant from that roéion

(Fig. 1A). The as’sumption of homogeneity at one apical level may itself be
invelid in mhn, as it is in small animals (10), which further pushes ons to the
notj:on that there may be a dissoclation between local pleural bressure and
regional lung infiation and ventilation, This dj.ssociaéion would be due as
well to intercostal and subcostal variations in pleural pressure (26) and to
the probability that local deformations do not extend very deeply into the 4
parenchyma (12, 42). More knowledge is nesded on how all the pleural pressures
around the lung integrate by transmlission through the lung to expand.it. This
requires that the topography of pleural pressure be studied in still rore de-
tail and that it be used with interdependence theory to predict the expansion
of any llung region,

- ~
Forces Expanding Airspaces Deep to the Pleural Surface

~ Whereas it is obvious that alveoli at the pleural surface of a lung

in situ are exposed to pleural pressure, t;hat is the pres‘sure expa‘nding air-
spaces deep within the lung? Respiratory physislogists have generally assumed
it to be the pieural pressure as well, but the mechanism is po!lhups not so
obvious, The problem has now been illuminated and to a large extent solved
by Mead, Takashima and Leith (34) who made a good well-defined stress analysis
of a mathematical model of the lungs, Thay first consider a lung which has

1) homogensous parenchyma, 2) uniform pleural pressure, Ppl and 3) uniform

alveolar pressure, Pg,1y. Since statically, gas pressure in all interconnected
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Fig. 1 a) top: Hypothetical lung showing arbitrary points A and
B that are both equidistant from two different levels of pleural surface.
See text., b) bottom: Diagram of.forces at the pleural surface and at an
interior alrspace showing how the alrspace-becomes subjected to transpul-
monary pressure, n is the number of tissue attachments per unit area and
F is the average force per attachment. nF/A is constant throughout the
homogeneous lung.
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airways and airspaces is the same, there are no pressure differences across
alveolar walls and all forces distending airspaces must arise from tissue
attachments, If n/A is the number of tissue attachments per unit area at any
transecting surface and F be the -‘uverngo nommal force per attachment, then the
stress at any surface is nF/A and is constant throughout the parenchyma. At
the pleural surface (considered essentially flat and having no recoil of its
own) the at:ss nF/A is balanced by and equal to transpulmonary pressure,
PL = Pa1v - Pp1 (Fig. lB)./ The outward distending stress of an interior.
airspace having an elastic recoil, Py} 1s also nF/A. Since Palv’ acts on bot.h
side; of the airspace thus cancelling, Pel = NF/A = Palv ~ Pp]_. Thus the
interior alveoli are subjected to the same distonding pressure, acting via
tissue attachments, as thosla at the pleural surface,

The authors next considera'd one intepior region of the lung to be at
a new volume, V different from its volume, V,, in the homogeneous lung and
made two more assumptions, 4) that the dimensional changes assoclated with
" the volume change were ;xnifom, so that the surface area, A, of the region
varied as (V)2/3 and, 5) that the strain in immediate tissue attachments was
negligible., It :n's admitted by the writers that the latter assumption would
underestimate the expanding stress applied to the r;gion by the recoil of the
surrounding tissues. In uw case, the stress became Pp) (VOIV)2/3. This is
'ciirromnt from the distending pressure, Ppl' of an alveolus in a homogeneous
lm?g because of "mechanical interdependence™,via the tissue attachments. The
principal function of the mechanical interdependence appears to be to support
uniform expansion of airspaces which is important to the static and dynamic
stability of the lung as well as to other aspects of pulmonary function,

Can this analysis be extended to account for pleural pressures that
. ~

\
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vary topographically?! Such variation lmmediately invalidates the foregoing '
assumptions, 1) and 2) and porha'pa 4) and 5) Af there is siteable deformation
present, -Although the prinoiples ?utl.inod by Mead et al are operative in the
lung and require more detailed study we are unable to carry the analysis
forward, Hol;'cnd (és) looked at interdependence using a mathemitical lung
model that assumed that all stress-strain relations in the parenchyma obeyed
Hooke's law, It possessed the deaired proport.hs of interdependence and oould
be used to simulate small changes of Py, However to corro;tly simulate the
distribution of alveolar expanasion under’ the influence of a pleursl pressure
gradient, a model is needed thit treats the lung as composed of finite poly-‘
hedral elements with onoh‘eleﬁ:ont possessing a true pressure volume characteris-
tic expressed mathematically as an exponential., The pressure-volume curve
_ defines the stress-strain characteristioc of ‘t.ho element (25). An equation of
static forces could then be written for each element. All the elsments at the
pleure would be assigned different pleursl pressures.. Poinitting a little
speculation, perhaps the resulting ‘onomoua'u.rrny of Oquntioniéo}‘iﬂin_gmc'
equilibrium could be sollvod.by matrix elimination on a computer (5). Known
differences between upper and lower lobe elastic properties could be included
in.the input data. Such an analysis would enable usage of p}ounl pressure data
obtained by direct measurement, for the prediction of regional alveolar expan-
‘slon for the inhomogeneous lung and following that, ventilation and its dis-
tribution, at least at very low flow rates. Addition of a multi-compartment
visoo-elastic model to the analysis would be a further refinement enabling cal-
culations at hlihor flow rates.

In any case, alveoll deep inside the lung must receive different ocon-
tributions of dfatending pressure from the entire lung surface through the

N
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/ m‘tvork of tissue attachments. Jhe contribution from any one area of the
lung surface will be a complex function’of the geometry of the lung., 7To.date,
no studies have logiéd at this, but it seems probable that expansion of a

\\\lung region at any arbitrary surface ‘'A' of tho' lung can be achieved by a
n:bq\tivo change of pleurdd prossur? ‘at some other arbitrary surface 'B'. In
the p\ﬁugoss. the pleural pressure at ‘A’ my.nlso change n.egathre},y., but it

will be the regult of and not the cause of the regiopsl expansion at ‘A’.

\'

H



Ct Chapter II

THEORY AND METHODS

o

KatSnx‘a ot al (28) and Robertson et al (42) have shown that when ex-
, cisond dog lungs are subjected to a localized distorting forf:e. they do not
o " behu;:e‘as a liquid as Krouger (30) and later Milic-Emili and his associates
h (?. 2?, 36, 37) proposed té explain the pleural pressure gradient, Hoppin
ot al (26) suggested that .the lung may be liquid-like at low lung volumes
but stiffer at higher volumes. Agostonl and D'Angelo have provided powerful
I ) . evidence against. the hypothesis of liquid-like behaviour of dog and rabbit
,lungs i w(ivo and the entire debate has been well reviewed-by Agostoni (}).
_(See also Chapter I). ’
Evidence for the actual dlsto"rtabil:\lty of the lung relative to the chest
wall is still lacking. In mechnics, deformation is defined as a change in
“‘. ' _ the shape of a body accompa‘rwirfg a'stress condition (38). Distortability or
R deformability of the lung or chest wall may then be defined as their abili-
<. . ty to be deformed ‘into shapes other than their shape under homogeneous condi~
. tions. The lung is hom;:gbneou§ when excised and inflated with) positive pres- °
¢ sure (28) and the chest w_a\}l may be considered to be in its natuwmal shape at :
a given 'volt’m‘lb/\%hen the pressure inside it is everywhere uniform, contrast
to the lung and chest wall, materials such as rubber, plaatiosd and met‘.als' have:
marly the same stress-strain relationship in all diréctigm'and a;'e called
A:' '- ’ isotmpic. C;rtain crystals have a relatlonship \\t}_x:} is different on Yeach
' | of two parpondicular axes and are called anisotropie, Strictly speaking, l1so-
“ ' ' ‘ . tropicity can only be attributed to continuous elastic media and not to bodies

-
- “

J
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or stl.ruot\h'es: It is sometimes better to consider the latter as having one or
more deg/rees of freedom (29) where the elastic properties in each fegree of
freedom may be different, lThe ‘chest wall is such a b;)dy with two degrees of
freedom, i.e., there may be movement of the rib cage and/or Ithe diaphragm (29).
The lung in one sense is almost {sot:ro'pic to homogeneous st'x’;;sses\because the

atress-strain characteristic of lung tissue, although cu’rv:l.&ear (33, 45),_1is .

the same at all points for any one lung volume. ;}gené;arit expands proportionate-
t

1y by. approximately the same amount in all directions (10, 16). ' However, if

the lung is unevenly deformed, d:i.ffei'ent region; will be at a different point

on their ‘curvilinear stress-strain characteristic. Areas that are compressed
x;aj' reach their maximum strain (hm‘,‘i) thus hmsisting further deformation while
o;ther"s remain relatively unchanged. Therefore th; lung in general is, anisotropic.
A?: a result it may be much harder to dei:oxzn the lung than wolilld be expected from
knowing its homogeneous compliance alone. The difficulty arises because the )
lurié—in fact is a body composed of many parts (tissue attachment:s) and not a
cont;j.nuous elastic medium, Unlike most solids, its elastic prope;rfcies do not
obey Hooke's law, Stras.‘x:x arises f;on the bbndi'ng as well as from the stretching:
of lung fil?;ars as in a "nylon stocking" .(33).,\‘_"11\0 distinction between distor-
tability and compliance is important. Consider a s:t.eel cylinder with a moveable

piston. This is a body with one degree of freedom. It may be very compliant

N

to forces acting in a /direction to move the piston but ‘rolatively undistortable-
to forces acting perpendicular to the wall. Thus a body my be very compliant
but relatively undistomble.. On the other hand, rubber being isotropic, is
compliant in every direction so the more compliant it is, the more distortable .

it is likely to be,

The lung and chest wall are compliant when acted upon by forces caus-
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ing homogeneous expansion but may resist forces tonding to deform them because
these act in a different direction. It follows that to compare distortabi-
litles in tw’o’ different bodies, the stress applied to both nust be the same as .
to dimctio‘n'and surface area to which it is applied., If there is variation
of size and geometry of two otherwlse identical bodies, thelr response to a ’
deforming stress will be different.J In destructive testing of concrete, all
these conditlions may be easily controlled whereas in conparuié distortabili-
ti;as of lung and chest wall they cinnot., However if the above factors are
neglected for the moment, some insight into the distortabiiity of lungs and
chest wall can be obtained: i

In this thesis we describe experiments which test the hypothesis that .
-the lung is very distortable (liquid-like) and which help to describe the nature
of the mechanig¢al coupling between lung and chest wall, The experiments in-
volved isolating one lung in situ and inflating one or two lobes of that lu;lg
with positive pressure and measuring the change in volume of the remaining
lobes, which had been left open to atmosphere to inflate or deflate as the
case may be. The change in volume of these remaining lobes, ( AVy) expressed -
_as a per cent of the total volume pushed in ( AVx max) was used to Aindicate |
the distortabikity of the lungs It is useful to consider thls experiment in
the light of some the_or;tieal limits of behaviour of ths lung and chest wall.
Refer to Fig. 2. -

\ -

1) If the lung behaved purely as a liquid, it would be infinitely

distortable. If positive pressure inflation of one region were performed .slov-
1y enough, ‘the same volume of air would come out of the other region even for

a very compliant (not infinitely compliant) chest wall, Fleural pro;:sums

would remain pnchang;d, indeed very little positive pressure would be required

~
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Counterbalancing ' Distortability of lung Distortability of lung
deformations >> chest wall << chest wall

Fig. 2. Schematic representation of the six categories of lung
and chest wall distortability described in the text. The solid outline

is the lung=-chest wall boundary before inflation of the upper region,
The fissure line is also shown., Dashed lines indicate the new positions

that the chest wall and fissure might assume for each category.
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to execute the mansuver, Obviously the lung has elastic properties and is not
a liquid but it may show substantial liquid-like bohaviour in Q.Lmt inflation
of one region would make pleural presauros ‘everywhere more positive (Pascal's
law) resulting in a large deflation of the other mgion.‘

. 2) f’[f the lungs and chest wall possessed normal compliance in their
respectlive degrees of freedom but were undistortable, inflation of one region
would move the chest wall out and result in ;m in_ﬂation. of the other region
so that both regions would be inflated uniformly to the same transpulmonary
pressures. However, because one region was inflated with positfive pressure and
the other with negative pressure, there would be 1a;ge differences in pleural
surface pressure, . ’

3) If the chest wallisfere infinitely distortai)le which can de visualized
‘by thinking of it as being absent, or the lungs being immefsed in liquid, the
region being inflated would not in any way stress the other region. Trans~
pulmonary pressure differences between regions would be ‘large but pleural pres-

[

sures would nof: change, . _
The)o limits are admittedly abstract; the next step considers the
question, "What is the relative distortab‘ility of the lung with ’respect to
the chest wall?™., Relative distortability could only be analyzed in quanti-
tative detail if body size, shape and directign of ;tresses in relation to
dimc’l’.i’n of degrees of freedom of lung and chest wall were all taken into ac-
count. That is beyond the scope of this thesis but such geometrical factors
can be considered qualita:tivolyfby the wa; they modify the un:iorlying pheno-
mena of intaraction between the lung and chest wall.
4) The distortabilities of the lung and chest wall, as modified by

geometrical factors, may be such s6 that the volume change resulting from a
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region being deformed 1mu[rd at the flssure would be exactly countorbahﬁeod
. b

by the volume ch;ngo resulting from Sutwird deformation along the chest wall.,

The spirometer would record AVy = 0. One would expect differences in plourai
and transpulmomry pressure, the magnitude of which would depend .on the abso-
lute lung or chost wall distortablility at which the counterbalancing occurred.

Cancellatlon of inflating and d_eflating deformations may also occur
even if the lung is very much more distortable .than the chest wall because
the chest wall has two degrees of freedom to produce volume changes without
defomation.J In practice, 'though not exactly compensatory, this mechanism
may operats in conjunction with that of case 5 following.

5) The lung may be much more distortable than the chest wall so that
even geometrical factors would not be sufficient to reverse the large nega-
tive AVy. Under these circunstances, as one region was inflated with a known
amount of air, a substantial but lesser volume of air would leave the other
region, Pleural pressures would become more positive and there would bo-d'if-
ferences in the transpulmonary in’essures across the two regions. There would
be a small deformation of t\he chest wall and a large deformation of the lung.
The final limit would be category 1 already discussed (liquid-lung).

6) The lung may be much less distortable than the chost_wali so that
again geometrical factors -mny be neglected. As one region was inflated, the '
other region might be expected to deflate by a relatively small amount (the
limit being category 3 abave) or inflate because of a stiff chest wall. The
1limit then would be that described in category 2. In any case, one would
expect differences in pleural surface -pmssures, the mg’r;itude of which wou]:d
depend on chest wall distortability.@ Differences in transpulmonary pressure

3

across the two regions would be less than would be the case if the lung were

v
a
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more distorf:ablo than the chest wall and would approach gero as described in
category 2, The end result of this condition might als-o be very similar to
the end result of category 4.
R su-ariun/ To the extent that the lung is more distortable than the
chest wall, transpulmonary pressure differences over the~two xyeéions would be
large but differences in pleural surface p‘mssuro over the reglons would be
smal)l, To theeextent that the lung is less distortable than the chest wall,
transpulmonary pressure differences over the two regions would be smaller at
the cost of larger differences in pleural surface pressure, Finally the fore-
going analysis ;:learly demonstrates that lung deformation in situ cannot be

analyzed without taking into account the effect of the chest wall,

Methods \

Experiments werse done on anesthetized paralyzed supine mongrel dogs
weighing between 45 and 55 1bsi. (20 - 25 kg). The experimental apparatus
(Fig. 3) was designed to pemit inflation of the right upper lobe with a 1500
ml syringe while the lower, middle and cardiac lotha were isqlated and connected
to a spirometer' to measure thelr volume change as they were slubjectod toﬁ -
forming stresses at the fissure and the chest wall, The left lung was intu-
. bated and obstructed :t FRC with a 30 cc, Foley catHeter located fluroscopical-
ly. 'I;xis catheter had the rubber portion containing the main lumen sliced
off to reduce its'thickness and thereby minimitze tracheal obstruction. Another
5 cc, Foley catheter was locited in the right intermediate bronchus b; the
following technique: It was first inserted an appropriate distance (deter-
_ mined by experience) intended to be ideal for isolation of upper and lower
lobes. Then minor adjustments were made according to the results of a homo-
geneous inﬂ;tion of the erhltim right lung with the syringe., Wwhen the inspirs-

i
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Fig. 3. Schematic diagram of the experimental apparatus for se-

parate. inflation of upper and lower lobes.,

C1, C2, C3, Cy, f hose clamp sites

D - dog, showing lung and chest wall

Fi = 30 cc, Foley catheter with the portion containing the main
lumen removed

- Fp = 5 cec, Foley catheter

E - Fleisch number 1 pneumotachograph

F - Fleisch number O pneumotachograph

P - ventilating pump (Harvard number 607)

Py, P2 - pleural pressure-sensing balloon capsules

M - water manometer ‘ P
5S¢ = 1500 millilitre syringe

52y S3 - 10 millilitre syringe

SP - apirometer (4.5 millilitres/millimeter displacemant)
V = three-way valve

Wi - welight for positive airway pressure

W> - weight for negative airway pressure
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tory capacities of the right up;;er and lower lobes were measured and found to
be in the order of 300 ml and 800 ml respectively, and the transpulmonary
pressure held without gradual leaking, we assumed thou position to be correct.
I nol and if the upper inspiratory capacity was too large (e.g. 600 ml, in-
dicating that the upper region was in fact including the middle lobe') we
moved the catheter outward, When the catheter was out too far, 'pnrtiafl ob~-
struction of the right main bronchus would occur and the upper lobe would not
inflate and deflate properly. Data were successfully collected in eight dogs
while several others could not be studied because the upper, middle and lower
lobe bronchial take-offs were too close togsther. The gonstahcy of the in-
spiratory capacity measurements (+ 100 ml) indicated that the Foley catheter
position hadr not changed. For these inflations of the right lung, total lung
capacity was assumed to correspond to a tranapulnomry pressure of 30 cm H20
as indicated by Pgo relative to esophageal pressure (Pgs). Site C3 (Fig. 3)
being clamped, regional volume. changes were separately measured by electrically
integrating the signal from two Fleisch pneumotachographs (No. 1 and No. 0)
connected to the inflow of each region. Regional inspiratory capacity was
recorded for subsequent reference during inflation of an :I.ndividual region,
(Under these circumstances, esophageal pussuro was not considered truly re-
presentative of regional pleural pressure,)

The steps of the actual experimental maneuver began with an inflation
to TLC by blocking the expiratory line of the pump for a fow breaths and then
stopping the pump at FRC. Site C2 and CA were clamped while C1, C3 and C5
uare; left unclamped, The Foley catheters were inflated thus obstructing the
left lung and isolating the r:lght upper and lowr lobes. The upper lobe was
inflated by the syringe in steps of 100 ml to full 1nsp1ratoLy capacity while
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the lower lung wag left ﬁrso to inflate or deflate via the Foley catheter into
the spirometer. (A-spirometer was used because it was found that the pneumo-
tachograph-transducer combination was not stable enough to measure zie small
volume changes.,) From peak inflation, the uppt;r lobe was deflated to a Pp, of
about -10,0 cm Hp0 and inflated back to FRC all in steps of 100 ml. The entire
maneuver took about 30 seconds and was done twice, It was then rop;ated‘twice
with the upper and lower reglons revers;d, j,e. C1 ;nd C5 were clamped allowing
the lower lung to be inflated whlle the upper lobe was connected to the spiro-.

meter (C2, C3 and C4 unclamped),

e

In order to determine if lung volume influenced the relative.dis-

tortabilities of lung and chest wall, the entire foregoing procedure.was re-

) peated starting at right lung alveolar pressures of 10, 20 and -5 cm H20,

i.e., the alveoiar pressure for both regions started at the same value. The
alveolar pressure in the region connected to the spirometer was achieved by
adding weights to the spirometer bell until the water manometer indicated the
desired. pressure, In this way, as the spirometer bell moved during the maneuver,

alveolar pressure of its associated region was kept constant as the other re-

gion was inflated and deflated, To create negative alveolar pressures the

weights were simply hung on the opposite side of ¥ spirometer pulley. In

general, inflation of the lower region tended to push the inflatod'Fbloy balloon
back up the bronchus which hindered the collection of data for‘th?t type of
maneuver, *ﬁ&%

The ;ntira protocél was combined with that of simultaneous pleural
pressure measurements in dog 1, This pﬁpvnd to be very lengthy and so to look
at pleural pressure under conditlons of lung deformation, additional measure-

ments were carried out independently oh eight dogs during spontaneous and
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intermittent positive pressure ventilation (IPPV). The surgical procedure
and insertion of the flat pressure yoasuring capsules were q§sod on procedures
first used by Hoppin et al (26). Basically it consiated of making an 8 cm
incision in the fifth intercostal space., A pressure-sensing capsule wit.ha
surrounéing skirt and 0.2 mm-thick X-ray £ilm backing was located over the
right upper and right lower lobes, in the fissure and over the ventral and

ligature brought externally thro perforations in the costal wall. Theseg

dorsal portions of thp diaphragmy; Each device was held:taut by ;ttachod silk
b

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

Pneumothorax was removed by ropeatea nitrous oxide infziz;ition followed by

pneumatic suction via a catheter inserted in the pleural épace.‘ The capsules

were deflated in situ to a pressure of -20 cm sz and inflated with a pre-

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

All pressures were measured with Hewlett-Patkard model 267B trans-
ducers ;ng the recordiné channels were balanced and calibrated with a water
manometer before every experiment, An electrical calibrating signal equiva-
lent to 40 cm Hp0 was established using the zero suppression circuit on the
carrier amplifiers; calibration remained within + 0,5 cm Hz0 thxoughou£ each
experiment,

While the dog was being ventilated, a consisteqt volume hiiﬁory‘pns
established by blocking the expiratory line until the lung reached TLC. Fol-
lowing return to FRC, the left main and the right intermediate bronchi were
obstructed. Pleural pressures were recorded before and after obstruction.
The procedure was similar for the spontaneous breathing dog except that prior

—

inflation to TLC was omitted,




. Chapter III
< RESUTS

Combination of the data for upper and lower lung regions for each al-
veolar pressure was possible because the results were qualitativoly the same
in both cases. Alt?lough more air was usually pushed out of the e;udal lobo;.'
the difference was not significant, The effect of differences in the sizes
of lobes, has' been normalized by oxpms\sing the results as per cent,
Volume Data

The term AVx refers to the volume change of a lobe or lung region
being inflated (positive &Vx) or deflated (negative AVx) by the applied
action of the syrhge while AVy refers to the volume change of the region
connected to the spirometer. Hence AVx is always the independent and AVy
the dependent varlable, They are both referenced to either FRC (Palv = Pg)
- or to lung volumeg which have alveolar pressures c;f 10, 20 and =5 ca HoO.

Figure 4 shows mean results for upper and lower lung regions Bcoiﬂmetod

to the spirometer held at atmospheric pressure, Pg. While one region was in-
flated with a syringe, the other region deflated progressively. The total mean
volume change reached -12.5% ¢ 2.5 (S.E.) of the total volume pushed in by the
syringe ( AVx max), Then AVy remained constant while AVx decreased by 20%
revealing "hysteresis®. MQr decreases of AVx caused AVy to become pro-
gressively more poaitive (inflation). In one 1nd1v1d\ml oxporhont AVy max
was 39% of AVx max (tt Palv = Pg) whilo in all othor cases 1t was between 4%
and 14,58 of AVx max, To consider the possibility that the lung may be very
" 1liquid-like for mll;r deformations, see Fig. 5. The polnts at Vj, equal to

20, 40, 60 and 80 ml are nearly on the same line produced by larger deformations.
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Hence no marked increase of distortablility was demonstrated. In retrospect
it would be highly unlikely that the regponse for any of the data could start
off with a very steep rate of change of AVy for small volume changes. To

do so, it would then have to flatten off in order to get back\qn the response

for larger volume lncrements.

At volumes below FRC, (Palv = -5 ca H20), there vas a alﬁt\. reduc-
tion in slopes of the curve (Fig. 6) as AVx approached AVx max. ﬁin is
evidence that airway closure began to occur in the region doflaiing into the
spirometer,

At volumes above FRC (Figs. 7 and 8) there was reversal of t.he. dira@.ion
of hysteresis and QAVy was less than when P,y = Pg. Also, AVy became positive
before AVx returned to the starting point at zero. Thus lung inflation oc-
curred secondary to the applied deformation.

A comparison of lung.distortability relative to the chest wall at
different lung) volumes can be obtained from Fig. 9. None of the responses
came close EP/ the isovolume line that represents pure liquid-like behaviour.
Greatest distortability (i.e. slope of the AVy vs. AVx plot) occurred at
FRC where Pa}y = Pg. Surprisingly, the mean initial slope was less at a lower
lung volume (Paly = -5 om H20), but this difference was not significant. Sinoe
ons would expect the lung itself to be more distortable at low lung volumes on
the basls of directly observable propertiss of excised lobes, this must mean
that the chest wall also becomes more distortable. As one would expect, at
higher lung volumes, the lung parenchyma becomes quite stiff and at Pgjy = 20
om H20, AVy was zero for'all A4Vx,

Pregsure Data
Although simultaneous pleural pressure measurements were made in only
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_one experiment, the results are all'quit.o consistent (Figs, 10 - 13), In all

cases, pleural preasures at the costal wall rose progressively over the region
being inflated by the syringe as one would expect, The trapspulmonary pressure-
volume curves all have the characteristic well-known shape, However, in all
cases, very little change in pleural.pressure occurs over the region con-
nected to the spirometer (at the point measured). Thus very large differences |,
in pleural pressure along the costal wall occurred as in Fig. 10A where the
difference reached 20 cm H20, Also the direction of the pleural pressure gra-
dlent became completely reversed in going from high lung volume (upper right
quadrant) to low lung volume (lower left quadrant), Some of the difference
may be due t0 a cosul‘artituct caused by one pressure capsule being in an
interspace while the other was under a rib but Fig. 10B shows a difference of
11 cm H20 in the opposite direction when the lower lobes were jnflated, The
devices were not manipulated bo.t.\mon these two maneuvers and it 1is unlikely
that they could have changed positi.on significantly due to the motion of venti-
lation. If the difference of 20 cm H20 1s too high because of costal artifacty
then the diffoxwt;noo of 11 cm H20 must be too low for the same reasor; thersfore
the real difference between mean pleural pressures at each site must lie s'o-mo-
vhere between 11 and 20 om Hy0 which 1is still very large.‘ . ' ~

Fig. 11 shows .t.ho farossuro.a taken from Fig. 10A plotted against the
volume changs of the corresponding lobe having P,1y = Pg. At first sight it
seems paradoxical: pleural pressure b‘oca’nw more negative as volume decreased.
One can only conclude that pleural pros\suro was increasing at some other poi'nt
(most likely in the fissure), thus re-emphasizing that differences in direction
of change of pleural pressure can occur.

Results of the ;Jloural ansun measurements made in ejght independent
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dogs are suiur:&ed iri Table I (page 46). Only the changes in pross'ureéglm )

shown because these are directly relevant to the theory developed herein,

'_Absolute pressures recorded by the capsules are true at the point measured

bixt may not represent thg mean pressure at that lugg height because c?f costal
v;rhtic;né, despite the plastic backing. Therefore, without more measurements
at’ different Yung heights, interpretatidn of absolute pressu;:gs at only two
sitos might be misleading, ’h ‘ ‘ i ) .
~ ‘The data clearly demonstrate that 1) pleural pressure changes during
normal ventilation are raf:licnl]y difi?omnt over different surfaces of the lung.
I'\lrthc;mora'. regional differences are not sye;tenatic among” animals, 2) The dif-
‘forenoes/tncma;a under conditions of increased 1nh<3mogqneity of ventilation

.

such as occurs during lobar occlusion. 3) The ;'eduction of pleural pressure
change APp] on the cos}tal side acts in a d“irection to inc#@hse trans-lobar L
pressure (Pgo - Ppl) at end ir{spiration (e.1,) of t.he-occluded lo;e. The
latter point is readily seen by noting the change of mgnitude of APpl over

the lower lobea from control to occlude conditions, During IPPV it was re-

Rk

duced without ,\exception by amounts up to 4.7 cm H20. Therofora Pao - Pp1
atie.i. must have 1x;cmased. The mcmaso of pleural pressure over the right
upper logb\§mp]y'mﬂectf_thc increased tidal volume received from.the con-
stant vol\me pump c.{rcnit folloving lower lobe occlusion. Being cami‘ul to

account ﬁ}‘or algobraic sign, P‘o = Ppl at e.i. increased on the lower costal

&
>

side for both IPPV and spontaneous ventilation. i

b4

Observations 1) and 2) are of central murest to the theoretical dis-
. L, A
cussion, Observation 3) is not as directly relevant and cannot be extended
to apply to the entire pleural surfaco. Fissure and diaphug:ntic pleural

pressure changes occurred in both directions of mn’gnitudeflﬁt\emple, in
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dogs 1 and 8 during IPPV, the pressure in the fissure increased, rather than

decreased, by 0.9 and 0.8-cm H20 respectively. The occurrence of these in-

. N v,
creases simultangously with decmfsog at the costal surface reflects the

fact that the lung was being subjected to def?riniﬁg stl'esse‘s'.zs
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. Fige 4. Results of AVx# plotted against AVy% (mean + S.E.) for
11,lobes with Paly = Pg. ~ A Vy progressively reached -12.5§ (deflation) of
the total volume of air pushed in with the syringe ( AVx max). Upon with-
drawal of the syringe, AVy increased mvealing “hysteresis"™.
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‘tortability, no marked increase (1.0. by sevaral orders).was found for

very small changes of AVx.
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Fig. 6. Results of AVx% plotted against &Vy% for 3 lobes at
very low lung volume, Closed circles are data points for AVx% increas-

ing and the x's are data points for AVx% decreasing, Open circles re-
present the mean, .
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Fig, 7. Results of AVx#$ plotted against 4AVy# (mean + S.E.) for
7 lobes at Pgyy = 10 em H20. ’
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' Fige 9. Summary of the results at different lung volumes for
AVx% increasing, taken from Figs. 4, 6, 7 and 8, The slope is steepest
for lobes at their FRC. The line of identity (dashed) represents pure’

_liquid-like behaviour (See text, category 1).
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Fig. 10 a) tops Upper and lower regional pressures plotted against
the applied change of volume AV of the upper lobe. b) bottom: Upper and
lower reglonal pressures plotted against the applied change of volume AV of

the lower lobe. The starting point ( AV = 0) for a) and b) was with both
upper and lower regions at Pgyy = PR.
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pingement., The direction of change of pressure and volume indicate
that stresses of opposite sign were being applied to the lobe,
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Chapter IV

DISCUSSION

Before discussing the implications of our data regarding the mechanics
of the pleural, space, it is important to consider how much of AVy was attri-
butable to gas exchange. To theoretically determine the effects of gas ex-
change on AVy, it would be necessary to know the peroentage change in lung
volume (AV/VL) during a breath hold of 30 seconds in 20 kg anesthetized
paralyzed dogs. We were unable to find such dat; but ( AV/VL) may also be

1

determined from the following formula:

AV - Py - x 100
VL P'NZ

where Pno = partial pressure of alveolar nitrogen at the start of-

breath hold. y
P'No = partial pressure of alveolar nitrogen at the end of
breath hold. .

Lanphier and Rahn studied breath hold in humans at rest and during
mild work (31). From their partial pressures of 02 and CO2, PNz and P'Np -
can be calculated according to Py = (Pg - 47 - Pop - Pcop). Mean initial

lung volume was 5.35 litres.

]
o

N at rest: . Prxp was 567 mmlig at t

P'Np was 568 mmHg at t

[}
)
o
4]
o
o
-

thorefom,‘ Av/v vas = 0

during-mild worki® PNp was 567 malg at t

N
(=

P'Np was 580 mmHg at t = 30 sec,
therefore, AV/vy was -3.58

NG
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It seems therefore, that the mean mspiratory quotient R, during y

-

breath hold was much higher at rest than during 'exercise. Further conclusions
can only be qunl:l:t.ativa. "The effect of gas exchange on® AVy in our experiménts |
was probidbly very small and acted in a direction to make 4Vy more pos"itive ,
through “two mochanismsn 1) by a direct effect on the lobe connocted to the
spirometer and, 2) indirectly by éausing volume/changes in the lert lung.

This might.shift the medlastinum and produce an inflsating force over the lobe

- connected to the spirometer leading to an additional increase in AVy. If the

¢

effect of gas exchange were large, then one would expeét the '‘return limb ofl
Fig L to have a_much sbeeper slope than the fomrd limb because oxygen up-
take -would be aeting to enhance the movement of air into the spirometer. The |
hystemsis loop would be in the opposite direction. Thus we feel that the
effect of this uncontrolled variable was small, '

(;ur results show that indu'ced dei‘omations result in large differences
in ;;1:}ura1 ‘and transpulmonary pressures consistent‘with the data of D'Angelo

al

et al who also measured pleural. pmssures during lobar occlusion’ us:mg t.he

counterpressure technique (14%). Howevvr, when they passively inflated the right

upper lobe, mean ple,ural pressures over the lower occluded lobe went from -2, 1
to ~1.4 com Hp0. With passive 1nf1ation of the right lower lobe, the °change

over the upper lobe was -2.5 to -}.9 cm Hzo. ,That is, in bothhcases, pleural

pressure went slightly more positive. The smaljedifference between their re-

sults and those shown in Figs; 10, 12 and 13 (pleural pressure remained almost

constant) is expfl.aimd by the fact that alveolar pressure of their:occlugled lotPes,
could change with isovolume lung deformation whem‘as in our experiment alveolar.
pressure was held constant. ) o ' . " ﬁ

‘ Robqrtson ot al (42) examined lung distortability when the excised

LN
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lung was subjected to a deformation at a 'ai.ngle point, Although this type
of deformation was’quite different from that of the present study, qualita-
tively they both reveal increased lung resistance tﬁf deformation at higher
alveo&lar pressures. Interdependence within a lobe increases with lung volume
(35) pmbab}y for the, same rt;asop t:hat it get:-; stiff;arx the tension 'of the
" elastic fibres is increased. Results in Figs. 4 to 9 show that there is also
mechanical interdependence between lobes even though there are no parenchymal
attachments, That is, .the volume of one 1;be impinged on that of the others.’
M‘ead et al (34) claimed t:hat “there can be little mechanical interdependence
at the lobar level™ but this stat;ement overlooks this form of mechanical inter-
dependence wixichv arises from the sharing of ; common container., Fig. 8 also
m;reals lobar interdependence acting) via a moveable chest wall. The plot is )
at first Tlat 1ndicatinlg that the lung was very undistortable and/oi-d that
Qn& cieflgtion was ,coun‘bqrbalgnped by inflation of another region due toé an
] exp;mding chest.wall. Then when &Vx vas reduced, AVy went positive. All
the points reflect a vol\mo ahigher than the sﬁrt.ing volume, which can only :
occur if the return of the chest wall lagged behind reductions of AVx. This
' lag yielded net inflating forces on the lobe connected to the spirometar. 'I‘he\
lamgI was presumably due to chest wall elastic hysteresis however the presence
of hystemsis is not necessary to the mechanism of intexﬂependence via the
ch‘e;t wall; it Just served to enable :Lts. ::l;seni}.ion.
Considering again the catagories of rollative dlstortabllity in Fig. 2,
we éonclude that the data demonstrate tha‘(l‘: the dog lung in situ is not liquid-
d!ike' even at low lung vjolumes. However, both the lung and chyst wall are dis-~
tortable but the chest wall is stiff enough to cause large differences in

plgurd pressure, Thisg eliminates _catogories 1, 2 ard 3.

I L
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Fig., 11 'si)ows evidence that counterbalancing stresses were applied
to' the lung (category 4). Although _g.ranspulmomry pressure, Pga1y - Pp) be- ‘
came more positive, AVy went more m;gativo. Obviously stress on some other
lung surface decreasoed. Since stress changes of opposite signh occurred, the
x;esulting deformations would cause volume changes that would tend to cancel.
kHonce AVy is not representative of the total deformation of that reglon of
lung, The flatness of the response in Fig. 8 may also be explained at least
in part by the same phenomenon as well as by decreased lung distortability.
%Qlatively_minor shifts to either side of the counterbalanced situation ccf)uld
account for the'overall data., '

The 1:ch category does not describe the data well because AVy was
not relatively large. However the sixth category might be as important as the-
fourth, That is, there are t;&o models, both of which explain the small AVy
and large differences in pleural pressure. The first of these (catsgory &)
a‘cts,t,\by producing deformations of oppos‘ite‘sign usin'g a rigid chest wall and

the second (category 6) acts by producing relatively small lung deformations

" but large deformations of the chest wall. The 1issue could be resolved by

measuring chest wall deformations with magnetometers during the same type of
experimgnt.

So far, geometrical factors have not:. been included in the discussion.
What is the consequence? Very little, because quantitativ’e ct;mparisons of
distortability uslng: some appropriate index have not been made. Rather, models

that simply possess various mechanisms of lung and”chest wall coupling have

been disdussed. ) ‘ ot

The fact that it was possible to reverse-the pleural pressure gradient-
by deforming the lung (Figs. 10, 12 and 13) supports the hypothesis that dif-

»



f;mncas in pleural pressure are caused by the deformation that the lung un-. ‘
dergoes in fitting the chest wall (43, 17, 33, 41). Future experiments that
examine the pmasun‘; cost of deformation must; take 1into account the ability of
the lungs to adapt to different types of defox:ution. .For example, the find-
ing by Grassino et al (22) that. the gran_iibnt of alveolar expansion of the hu-
man lung in vivo did not seem to be altered byflarge but physiological thoraco-
abdominal shape changes, may simply reflect the lungs built-in capacity to adapt
to‘tho;e changes via 1n_ter-septa1 slippages, lobatic;n Jancl perhaps other un-
known mechanisms. On the other hand, the lung does not adapt well to the de-
forming stresses applied by Robertson et al (42), Zidulka et al (48, 1&?) or
by those applied in this study. The inhomogeneity of lung parenchyma was
greatly increased coupled with large differences in pleu;al pressure, From -
a teleological point of view, adaptation is probably better when the d‘leoming
stresses resemble those to be coped with ;Ln,real life, To the extent that
adaptation ig not achieved, deformation and concomitant inhomogeneity will
become more -severe.‘ . )
Years ago, Dubols et al found that movement of the lower chest wall
-lagged the upper chest wall unde; dynamic conditions (15). A similar conclu-
sion can-be made from the results of Bake et al in nomal subjects (6). From
measurements of 133Xe distribution at different physiological flow rates they
found that the lower lung (and hence, the chest wail) lagged behind the upper
lung (and chest wall:). Diseases which cause airway obstruction nay also re-
sult in one lung region lagging another in volume. The experiments described
herein are static equiv;alents to the dynamic phase l;g situation; i.e., two ‘
iung regions are subjected to different transpulmonary pressures at the same

time, It is therefore probable that the results of the_static experiments are

] ] ~ .
el
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. applicable to the dynamic situation. To ti'xis extent, deformations of the lung
ococurring under disease conditions, such as might ocour with grossly uneven time
constants, result in deformations of the chest wall overlying the lung, The
pressure cost of chest wall deformations ig substantial and resiults in an
amplification of the pressure applied to the lung which acts to minimize the

lung deformation, ' _' o
%

“




Chapter V

SUMMARY AND CONCLUSION

The relative distortability of the lung and chest wall has been
examined theoretically and 1'1: has been shown that the behaviour of one when '
stressed is intricately linked to the physical properties of the other, Ex-
perimental evidence clearly demonstrates that the lung in situ does r;ot behave
as‘a liquid even for'relatively -small flefomations. In addition the data

reveal decreased lung distortability as lung volume increases, explicable by
- the accompanying increased lung tissue fiber tension. To the extent that the
lung cannot adapt to regional stresses via lobation, interseptal slippage and
perhaps other mechanisms that help to pmv;nt further parenchymal inhomogeneity,
regional diffeﬁncea; in pleural surface pressure are established which pm-J
sumably deform the chest wall. These results are compatible with the hypothesis
that the shape discrepancies between the sponge-like lung l.tﬁ' the chest wall
are responsible for the gradient in pleural pressure known to exist under normal
physiolokg;ienl conditions, . ° -

" The interaction of the lung and chest wall that leads to large dif-

ferences in pleural pressure under stress conditions, results in a homeostatic

chanism which‘tries to preserve the same alveolar expansion and ventilation
distribution. Even in nomal lungs, detectable phase lags are present between
upper and lower lung zones at physiological flow rates so that t};is mechanism
may be operating continuously. -« )

Prl;ssure transmission through the lung cannot be simplified by appli-
c;tion of Pascal's law ("Pressure in a liquid is transmitted equally and un-

diminished throughout the 1liquid®), The transmission must be a more complex
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function of parenchymal geometry :nd stregs~atrain oharaob;ristics. Further
to this, the hypothesis that there is a dissociatic;n between local pleural
surface pressure and regional alveolar expansion may account for some ‘dis-
crépancies in the literature. Future studies might\pursue this by examining
ploural pressure and rogioml lung volumes during various typ;a of quanti-

tated stresses on the chest wall.

I



1)

2)

3)

)

POINTS OF ORIGINALITY .

A new procedure has been described to examine lung and chest wall dis-

tortablility and the influence that applied pulmonary stresses have on the

" pleural pressure in dogs.

It has b)een shown that an inhomogeneous stress on the dog lung m‘situ

results I\in substantlal differences in pleural surface pressure.

_Bvidence has been presented that the dog lung in situ becomes less distor-

table at higher lung volumes.

Direct measurements of costal, fissure and diaphragmatic dynamic pleural
surface pressures reveal important topographical differences in control
supine dogs and even greater differences in dogs undergoing lobar occlu-

sion,
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