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CIrest-strapping increases recoil and this has been thought to be

secondary to breathing at 1ow 1r.ng voli-mes. However lrnrersion decreases

lurg volunes rvithout an increase iir recoil, suggcsting eithcr that reduc-

tion of lung volumes by abcloninal compression does not change recoil, or

that blooci shifts due to imnersion 1-lrevent recoil changes. lr{easurements

of ltng volunes, deflation pressure-volune curves ancl maximur expiratory

flow rates ${EF) were made in four hea1tl'r1r subjects during a variety of

restrictive procedures. Reductions in 1u-rg volunes were achieved by

inflating a pneì.¡ììatic cuff beneath an adjustable chcst corset whicli had

been tightened while the subject held his breath at residual volune.

thc corsct was appliccl either to thc rib cagc or tl'rc abclomcn. Ri-b cagc

restriction clccreased total lurg capacity (TLC) by 43e" and significantly

increasccl elasti.c rccojr1 al'rc1 lttriF. Sr,rìrjccts rvitìt rib cagc rcstriction

showccl no further changc in elastic recoil or MEF with immersi.on; bloocl

shifts riicl not rcvorsc lccol.l clur:rgcs tlr¡r-. to rilr cagc lcstri.ction. Âll-

dominal restriction decreased TLC by only 20% and no change in recoil or

ItfLF was obsorvcd. No churgc in rccoil ol ltlliF wcrc scctr lvhcli a srilnilal

reduction in TLC was achieved by rib cagc restriction. In orcicr to pro-

ducc grcitt.cr vol-ulro loss a cotrill.irt¿rtiorr ol' rnotlcs t r:ib cagc ancl rn¿rxirnal

abcloninal rcstriction was stuciiecl. Motlest rib cage rcstrictio¡r reducecl

TLC by 20% utd when maximal abdoninal restriction was added TLC was

reduced 40%, conrparable to that observed rvith maximal rib cage restriction.

N{easuretncnts rvere repcated in eigirt healthy subjccts cluring both rib :

cage and combinecl restriction, Both forns of restríction increased NßF
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by a sintilar alnoi.urt, but no increasc j.n clastic rccoil w¿rs obsewecl

with combined restriction. Further the resistance of the airways

upstream fron the equal pressure point [Rris) was greater during rib

cage restriction. Measurements of the ureveness of inspired gas

clistribtrti.on by flre single breath N, tcst sholvcrl an increase cluring

rib cage restriction which was significantly greater than that during

colnbinecl. rcstriction. trVe conclude that lung vol-nne restriction induces

changes in l-ng fu'rction,'but the nature of these ciranges depend on

holv thc rcstriction is appliecl, ¿urcl thcrclbre calltot bc asÇribecl to

low lung volr¡re breathing per se.
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'I'hc ploccss of rcspiration tcquircs rrrì

of air bcttvccn tllc ¿rLlltosphcrc ¿urd thc alvcol

vcolar vcntilati.on. l'he rlcchanicrl pt-ope t't i

acicc¡uatc inflorv ¿rnd outflorv

i, tlrlrt is ur adcquatc aI-

cs of tìrc rcsPir¿ìtory systcm

arc clcsi gncd to lchicvc tìlis.

At nonn:rl ltulg volutres, thc nccir¿rrLjcs oI brciLt]ring invol"'es chang-

irrg the lloint of Lia,i.ancc bctrvecn tltc opilosing clastrc r-cc-'oil of thc lLurgs,

tcnciing torval.cl collapsc, ancl tilc cl.ast ìc {-ot-ccs of tlrc chcst H'a11 , tcncl-

ing tor,'i.1ftl cxpursion. 'l'he tcncicncy of tlre chcst rv¿ll1 to expand is

causccl by thc nlttltral elasticity of its ìrotlcl-s, ntLtscì'cs, and conlrcctive

tissue.
,l'hc tcntlcrlLìy of t.ltc iLrrrgs tct c:ollltp:;rt rttìtì l-crcoil irlrv¡irtì íì\'Jít)¡ fì'olll

thc chcst rvall is ¿rttrjbut.ccl to trn-o {actors, l'ìt'st. <lctlttc.ctl by Von

Ncc]'gaar-d in I92!) (l) . onc-tltird o1 tlrc t'cco il tcrttlcnc,v ¿lriscs [roln

thc clastj-c pr.o¡tcrtics ol thc 1r-u'rg tissrtt: ttsct { . 'l'}rc Tenajning tt'o

thilcls c¿rn bc accolultcd for-bv tìlc strl"iliet:1'ctrsion of thc fluid lining

thc alvcoll. 'lhis sulfacc tcnsiorl at tlrc aì,1'-liqrrid interfacc in t]re

alvcolr is c¿rusccl by tire stlong intenllolccul¡rr attr¿rctj-on rrithin the

liqrrid tlrat tcncls to cofltinually clinini slr tìlc Sur[¿tcc alea oI thc a1-

vcoli. 'l'irc l)f cscrìcc of surfactanl- , a sur facc ¿lctir¡c Iipoprotein sccrctccì

by spccial. sLrrf¡rctltflt sccrctirrg cc1.1s thrrt arc conìponcnts of the alvco-

1al cllitlrcllt'trlt c[[:cctivc:l)' lotvcrs t]lc sttrlacc tclrsion o1: this i.ntcrf¿rcc'

'l'llis cortbirtcri t., ltìr tllc ltystt't'cs's llt'ct1lt'rt't it-'s of- st.tl'[¿lctllllt tcilcls to

mai^tai. alr¡colrr stability anci ìrcips irrc'vcttt ¡lh¡colar collapsc (3 '4)'
'l'ltc tot.ul l-cctlil Lctlclcrlc.y o{- t}rc lttriqs cllli ìrc cstiluttctl by ntcas-

ur-irrg, turtlct'stlrtic (rro florv) corlJitjorts, thc pl'cSStlrc acl'oSS tlìc

lurg a1_ un), r¡olu|lc. 'Ì'hi s trait-spultttonltr-)¡ l)rcsSLìIC (l'¡) is clcf inccl ¿rs



5.
0

d.
0

3.
0

20 r0

V
¡

(t
)

E
ì 

or
rr

o 
-l 

.
S

ta
tic

 p
re

ss
uï

e-
vo

lu
ne

 r
el

at
io

ns
hi

ps
 i

n 
a 

no
nn

al
 s

ub
je

ct
. 

A
bs

ol
ut

e
1u

-r
g 

vo
lu

ne
 is

 s
ho

rn
rr

 o
n 

th
e 

or
dí

na
te

, 
tr

an
sp

ul
tn

on
ar

y 
pr

es
su

re
 o

n 
th

e
ab

sc
is

sa
, 

ar
ro

hr
s 

in
di

ca
te

 in
fla

tio
n 

a¡
rd

 d
ef

la
tio

n 
lim

b.

F
¡ 

(e
m

H
zÕ

)



-4

tìro nraccrrra cf flra mnrrfh r.'lr-ì¡h. in tlfC alfSCnCC nÊ ¡ìrfln,.r nrrrql s A]VCO-¡rrvuLrrt ¡v¡rrç¡t rlr u¡ru (LLJ.-rç¡tuu vr GII LrutY gLiuúI

1ar pressure (P¡), ninus the pressure in the plcural space (Ppl). As

a direct neasurement of pleural pressure is both clifficult and danger-

ous in human beings, est jinations of þ1 are made using pressure record-

ings:fron a l>alloon placcd jn tlic subjcct's esopìtagus. Bccausc the cso-

pliagus is locatccl between the two plcural spaces, csophagcal pressure

I)ìcasurclììcnts llroviclc ¿r close itpproxiìììírtìorì oI plcur:al prcssurc at thc

level of the balloon in the thorax (2).

The rclationship bctwcen tirc elastic lccoil of tlìc lurg and l-urg

volume is usually demonstrated by thc static prcssure-volume curve

(lìigurc 1). 'l'lrc trlutspuhnortaly prossufo (l'l) j.s ltrcasurcd at a varicty

of hng volulttcs wllj.clr arc nlaintaincd witlrout ajr'[].ow and t]ijs prcssrrrc

is plottccì against thc rclcvant lLxrg vol.Luìtc. 'i'lic slopc of this curvc,

that is the chiLngc in lung volume pcr un it changc in transpulmonary

pressurc (AV/^P) is tlic conrpliance (Cst) of thc lurgs. i\'hcn clcscribing

the prcssure-volume relationship of thc lung it is morc informativc

to exaniÍne the whole pressure-volume curve than to attempt to describe

it in terms of compliance. This is because the pressure-volune curve

is alinear, and thus values of compliance depend on the degree of lung

inflation at rvhich they rvcre neasurccl. Also the prcssure-volrmc curve

exhibits Ìrysteresis, that is the paths the lung follows during infla-

tion and clcflation are different. Thus at a given transpulntonary pres-

sure the lung volume is greater during deflation than during inflation

;rs is the ratc of change of volunc witli r-cspect to pressurc (i.e. Cst).

I-lence measurements of compliance are influenced by lung volume history

as wcll as by lung volumc.
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'lhc static voluncs of thc lung arc dctenninccl by thc cl-astic recoil

of the lung a:rd thorax, plus respiratory muscle activity. Furctional

Residual Capacity (mC) , the lung volune at normal end-expiration, is

the vohme at which the inward recoil of the lung is equal and opposite

to the outi^/ard recoil of the chest wal1, and there is no acti.úity of

the respiTatory rnr;sc1es. Contraction of the inspiratory muscles shifts

thc bala:rcc point fronr FRC towarcl eqransion or inspiration. fte rclease

of this inspiratory force allows the point of balance to move back to-

rvarcl the original vohlrie, FRC, t)rus prorlucing arì csserìtially passive

nnir:rf inn T f l-nrenÊrrl nnirrf inn ic rnnrr-irnd fhn mircr-loc n1r cry)1ra-

t.ion contl-irLìt, lulrl tllo brIlncc ¡roint nor\¡ ìììovcs torvrÌral cotti¡tlcssior'ì or

actiyc cx¡ri ration . Wiiclr thcsc nlusc l.c-s r-c l ax, thc clast i c structurcs

of tho lurrg, cllc-.s1. cltgc ancì thc alrtlo¡ncn rcst.orc tùc ccluil iìlriun volultc.

A schcnrati.c rcprcscntation of thc subclivisions of lung volrttc is

pt'cscntcd in Figurc 2. I'otal luig capacity ('i'LC) is achicvccl by taking

a maximal inspiration from FRC, ancl thc volumc of thc inspirate is

definctl as inspiratoly capacity (IC). Äftcr a nl¿rximal cxpiration, tlicrc

remains a residual a:nount of gas in the 1*g, termed residual volune

(RV) , a¡rd the volurne expired is the erpiratory reserve volr..me (ERV) .

The vital capacity [VC) is the voltmre cliFference beflveen nlaxímal inspír-

ation and maximal exlriration, ancl can bc equated to the sr¡n of IC ancl

ERV.

Changes in the subdivisions of the h-rng volune are due to changes

in recoil of h-urg or chest ivall or by cÌranges in muscle power. Increased

elastic recoil of tlie lurg or chest rva11, or rveakness of the inspiratoryi

musclcs will. rcducc IC. lhe FRC is thc sun of the iìV and the EIìV. 1hus,

wiflr RV unchanged, a rccluction of nRV js analagous to a reduction in
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FRC which can be effected in two ways: by increasing the clastic rc-

coil of the lung and/or decreasing the outward recoil of the chest lvall.

The static mechanical properties of the h.u-rg and chest wall are

inportant determinants of alveolar ventilation, but not the only ones.

Ventilation is clynanric, tÌrat is air florv is involvecl. For reasons

outlined be1ow, expiratory air flow normally linits maximur ventilation.

Forccc'l exliration is achievecl by contraction of the ex¡riratory

muscles, raísing pleural pressure (Ppl). This change in pleural pres-

sttre is translttitted to tl're alveolí; alvcolar pressure (Pn) ís increas-

cd an<l cq-rirlrtory flow is achicvcd. Thc rclationship betwecn P4 and

l)11 is tlc.f inccl ìty tìrc stntic l)l'cssltrc-volillnc ctì1"vc (Pl, = 'P¡-Ppl). At

higir lturg voluncs tirc magnituclc oI cxpjlatory l-1ow is cicpcndc¡rt orr

thc ttragrtitudc- of cffort ol l)ll. 
^t 

rnl(l or'lol lung voluucs, lìowcvcr,

cxpiratory flow incrcases with incrcasccl cffort only to a point {.5,

b). l3cyoncl this pornt, furthcr incrcascs in effort or Pp1 clo not re-

sult in increases in expiratory flow; flow is effort indepcnclent (5,ó).

lhis linritation of expiratory flolv results frorn cllmarnic conrpressiolt of

intrathoracic airways by the pleural pressure surrounding thern. This

compression inrplies that pleural pressure exceeds intraltminal pressure

in the compressed airway segment. It tirerefore follows that at some

point between the conpressed segrnent and the a1veo1i, intralr..uninal

pressure equals pleural pressure. Thjs has becn clcfined as the cqual

pressure point (EPP) (7,8). The factors governing maximun expiratory

flow have been analyzed by notationally dividing the airways into two

segnents, one upstrean from ËPP and one clownstream; næiimr.m flow in

each segmcnt at any givcn lurg volurnc i-s necessari lv rlr¡- snnrr. þstrear¡



l.rom thc ljPP thc prcssurc clriving ftow is l)n-P¡tl whj.ch ccluals thc st¿tic

recoil of tìrc lr-urg (Pr) and the florv achicvcd equals P, divicled by the

resistance of the airways up-stream fron the equal pressure point (Rus)

(7,8). Thus increases in static recoil of the lung might be expected

to increase maximun expi.ratory flow at lorv lung vollnrcs, ancl dccreases

in flow could be caused by reduced P, or increased Rus.

lìcstrictive lung cliseases are charactcrizecl by increases of lung

elastic recoil. Lung volurnes, particularly TLC and FRC, are reduced,

the prcssure-volt¡rìc curve shj-ftecl to the right ancl rnaxirnun expi-ratory

flow at 1ow lung volumes is increased (9,11,19)"

fur ilttcrcst.ing ana-loguc o{: -r-cstrict ivc lrrnr d iscasc wrts cliscovcr-

cd by Ca.ro, llutler ¿rrcl Dullois (12) who found tliat rcstrictivc strap-

iti.ltg ol tllc chcst w¿rll of nonnal llunans l'csultorl i.n an itrcrcasc oI

lung elastic recoil. This increase persisted after the removal of

tìrc strap, providing the subjcct continucd to brc¿rthc at lol lr-urg volurnes.

It was restored to normal after a fu11 inflation to TLC. Thus the

inclcased recoil ivas thought to ì¡c cluc to breathing at lolv h-urg

volumes per se. Stubbs and Hyatt (14) and Sybrecirt et al (15) demon-

strated similar changes in lr-rng recoil as well as increased rnaxi¡nrni

expiratory flow during chest strapping. As j-ncreased maximum expir-

atory flow is an indirect indication of increasccl elastic recoil,

indcpenclent of mcasuremcnts of esophagcal prcssurc, this finding elim-

inated the possibility tìrat the observed increase in elastic recoil was

a reflection of distortj-on of the esophagcal balloon during cl.rest

strapping. Both groups (14,15) also fiourd that t]re rentoval of the

chest stran did not causc an innrediate decrease of clastic recoil to



values observccl in thc unstrappccl st¿rtc, but tìrat this occrtrrccl oncc

the subject inspired to total lung capacity. This also suggestecl that

the cìranges in the mechanical propertics of thc Llrg could be attributed

to low h-ing voluncs as opposed to a spccific effect of tire chcst strap.

Largc rcductions in finction¿rl rcsiclual capaclty arc produce<l by

wateï in¡nersion to the neck, ancl providing that thc subject cloes not

lnake nnxinral inspirations it would bc rc¿rsonablc to cxpcct incrcases in

elastic recoil comparable to that seen during chest strapping. Prefaut

et al (16) fourd that immersion produccd only a slight increase il elas-

tic recoil at high 1u-rg vohmres, while at lorv lung vo}'unes recoil was

less than control. Sirnilarly, næiiruuu cxpiratory J-lols were slightly

increased at high lung volrmes ancl clecrc¿rsccl at lorv lung volumes. Mrcn

subjccts refrainccl frorn tal<ing a deep brcadl while im¡nersecl there was

no increase of elastic recoil or increasc of maximtrn eqriratory flolv.

These results were similar to those obtained with imnersion without

volunc rcstriction. 1'ìrus, during imncrs ion, 1ow lrurg voh¡ntc brcathing

did not produce the mechanical changes observed cluring chest strapping.

The nost obvious clifference betu¡ecn the two situations is that

chest strapping causes a decrease in h.rng volunes largely by displacement

of the r:ib cagc, whercas the volrnre chanqcs ch-rring i.nntcrsion ca:r be

exlrlained by vascular engorgement and ccphalad clisplacement of the dia-

rrlr v'r,¡rrr Tr¡ f lrn :r,,^....'.,,. .,...1r orÍgirral worlt, Calo r-.t rtl (12) r't'¡rortccl t-llrtt ¿tbcjolninal

strapping also increased h.u"rg recoil. Mean recoil ineasured at control

FRC increased from 3.5 cni l-lr0 in the urstrappecl st¿rte to 6.9 crn l-lr0 in

the abdominal strapped state. Thcse results are misleading, as in the

thrce subiccts the;' sL,-r,1.iccl, clastic rccoiI rvas si¡ini f ica:rtly incrcasccl

in only one. ftis individual result wcightcd 1-ire mean in favour of in-
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crcasc(ì rcc-oi I .

Ilowever, Prefaut et

síunc fn)c oF rcstricti.on

restriction of the abdonen clicl increasc lurg rccoil (12) thcy suggcstccl

th¿rt tìtc shilt of blood into thc chcst lvith.irnncrsiotr prcvcntcd thc

incrcasc in rccoil clue to volure restriction.

11, Curo oI al (12) wcrc cort'oct in tìrc.ir obscrvatiolt tllltt rcst-

riction of the abdonen increases recoil, then, blood shifts into the

chcst during j-:luuersiotr alc inrportalìt. Al-tcnrativcly, if this observa-

tion was incorrect, and abdominal strap¡;íng was not the sarte as chest

strapping, thc inrplication would bc that not a.l-l lonts of vo|-une ïest-

riction are associated with an increase of elastic recoil.

'this stucly tcstccl botù hyltothcscs by i-nitiaIJ-y cxuttitritrg thc

effects of fumnersion on the hllg mechatrics of stranped subjects, and

then further coniparing the effccts of straplting thc abclonien witli

those of strapping the rib cage.

AL

AS

[16) assuned that inuncrsion inrposed tJrc

ab<lornj.na1 strappittg aritl on thc ltasis that
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^. 
Mcthods

Eigfit [caltìry n¿r1c voluntccrs (4 srlolicrs) agcd 22-44 ycars tvcre

studiecl u-rcler three conditions: u-Istrapped, with rib cage restriction,

a¡icl with abclo¡ncn restricted. In adclition 4 subjects were stuciied during

a combination of rib cage restriction ¿ur<1 inrnersion to the neck in water.

T¡c rilt cage t{as rcstricted by a pncunatic cufl' sccurecl to the

anterior rib cagc by ¿ur inexte¡rsiblc c¿utv¿rs corsct rvhich was tightcnccl

rnarually lviiile thc subject helcl his brcatli at IìV. 'l'he pneurrutic cuff

was then inflated and maintained at a con:ìtant pressure (not less t1-ran

40 nlrillg) tirroughout the stucly (Figure 3a). Abc.lorninal restriction was

achievecl initj-a11y by applying the pneurnatic cuff to the abclonen. ltie

resulting recluctions in turg voLultes wcre lcss than those achieveri clur-

ing rib cage restriction. i{ith abclolninal restriction TLC wa-s B0% of

co¡trol while rib cage restriction recluccd TLC to 60% contTol. Further

stuclies shorved that a 20î; recluction in 'I'l,C achicvccl by rib cagc restric-

tion was not sufficient to pro<luce changes in the elastic properties

of flrc ¡urg. A clctailctl crllanation oF tllesc prclirnitrary cxlcrimcllts'

together with the results, is presented in the appendix. Thus, in order

to rcclucc 1rl'rg volr.lnes cluring abdontinal straltping to the sa¡nc 1evcl ob-

servecl ciuring chest strapping, the following method was enrployed. Rib

cagc c,\l)Íìltsion \{¿ts l)t'ovL.ntcd lty frtst.cllitìg tlìc Lì.iìtìv¿ls corsct at'oLuttl tlic

chest while the strbjcct helci his ìrreath at FRC. lhc subject then breath

|clcl at lìV rvhilc thc ltnclunatic cuff rvas sccurcd tigìrtly to the antcrior

abclonien with two tensor bandages. The cuff was inf1 ated and niaintained

at not lcss th¿rn 60 mrrllg throughout thc coursc of thc stucly (Figurc 3b).

In each study of each subject lung volurnes, cleflation static prcs-

suLc-volrurc (P-V) cllrvL)s oI thc lrurg, tultxinllun c\)irrìtory [1orv volulnc

û\eln/) curvcs ancl closing voluncs wcrc rnc;rsurccl urLStrappccl (control)
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Figure 3a: Photograph of J.F. during rib cage restriction.
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Figure 5b: Photograph of subject J.F. during abdominal rest¡iction.
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.¡rd with rib cage a:rd abdominal rcstriction. Drrring the unstrappecl

state' illaneuvers generating deflation P-V curves ancl lvlbFV curves r./ere

initiated at 60e¡ vital capacity (partials) as well as at total lì.lrrg

capacity (controls). Thus , data acquirecl during restriction could be

cotqrarcci to ìlì¡lllcltvcrs jlr thc unstlnp¡rccl s1¿ì1.c rvhich ìrcgtn at tlìc saìtìc

lrIng volwre. Four subjccts wcrc also ilnnrcrsccl to the ncck in watcr

whilc tlicir rììl cltgc lv¡ts rcstrictctl. l{hj lc ììrcírsurcrììcrìts wcrc nr¿rdc in
this restrictccl i¡rncrsccl state, thc watcr tcmpcrature v/as continually

rttailttainod a t. colnfort¿rbl c 1cvc.ls .

Subjccts wcrc stuclicci in tl-lc scatctl ¡rosit:ion. 'Ihc VC ancl IjlìV

wcr'o lìlcilsttl.ctl lvith ¿r ÌoJ l i.ng-scltl vcllrlrrcl-rlis¡lliìcL.lìotì1. sltir.or¡c:tcr corì-

nectccl via a potcntiator to a Ilewlctt Pacl<arcl two-cha.nnel strip rccorcJ-

cr. AIl volruucs i{cl'c corrcctcd to llocl¡, tcìtììl)ct-¿ìtLl,r-o, l)t.ossurc, stturatcd
with water vapour (ll]'PS). During cacìr st.r-rdy, mcasurcnrents wcre mat-ìe

irt triplicate and flre nte¿urs are rellortccl.

Lu'rg volumcs wcre mcasurecl by thc singlc brcath nitrogc¡ tcst

Q7) as modified by Anthonisen ¿urcl associates (18). lhe cquipment cir-
cuit is shown in Figure 4. Subjects, in tire seatecl position, tr{eïe fittcd
witil a nose clip and itrstructed to breatli through a mouth picce attach-
ccl to a nolr-rcbrcathiìlg Ilans lìr¡clol'ph va1vc. Both thc ins¡'riratory zurcl

expiratory lines were connected to two-way taps. The inspiratory tap

allowccl thc sL.rbjcct to bc sivjtchccl cjthcr to r:oonr air or to a ìrag co¡-

taining 02 which was in an air tight box. Changes in box and therefore

bag vohune were measured by the rolling-scal spirometcr. The tap in
the ex¡riratory line enabled the subject to exhale either into thc air
or lt¿rck into thc box and thu-s illto thc s¡rironìotcl.. lrqrirccl N2
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rvas ìììeasurccl continuously at the rnouth rvith a Ilcwlctt Packarcl 47302A

N, mctct'. Florv (voh.rnrc electronically cliffcrentiated rvith respect to

time) also was nonitored. lfhile sti1l breathing air the subject was

asked to inspirecl maximally twice, exhalc the second breath completely

to RV, cluling rvhich both inspirlrtor¡' ancl cxÌrirfltory taps wcrc turnccl

to conncct thc sultject to the bag box. Irrom RV thc subjcct then in-

spilcd 100î; 0, to 1'1,C, írncì tìicn c-.xpilctl :;lolly (:0..5 l./s) to ììV rvhilc

volume was rccorded on the X axis and flow and N, concentration were

rccordcd on tltc Y axls ol. a¡t XYY| rccor(l()r'. 'l.lris proccrltrrc lvls ropcat-

cd at lcast thrcc timcs, with an rpproprirrtc clclay ltctwccn rcpctitions

to allorv rc-cst.llbl.i.shrtcnt of nonnal alvcol¿rr ers cotììpositiorl. Vital

capacities bctwcen runs varied lcss tlian 5%, an<7 withÍn each nrn in-

spircil and cxpirccl vital carpacitics clit.i not dif[cr-by rnorc than 5%.

RV was calculated as follows, using the method of Buist and Ross (19) .

'I'otal h,urg capacity first is cstinatcci usi.ng thc alvcolar dilution

equation. This is derived using the follorving reasoning.

After the first expiration to resiclual volultc (lìV) thc antount of

nitrogcn in the subject's lungs is V¡, = RV (F^u.) rvhere F¡" is the

nomal alveolar nitrogen concentration wìren br"nilling ,oo* uir. After

the subject inspires pure oxygen to total lung cairacity (TLC) this

salne amouJrt of N, can be expressccl in two ways.

(1) Vn,_ = (TLC - VC1) Fn^,l\7 tu\r

- ín"r" VC, is the inlpired volune, thus RV = TLC - VC,

(2) Vru^=íTLC'r¡\F',,/ uDj rA N2

- where V¡ is thc dcad space mcasurcd according to Fowlcr (20)

- 'l'Lil - VD is thc cf-{'cctivc llvcolar volr-ulc

- ì-11rN2 is thc ncan alvcolar conccntration of tlrc maximally
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dilutecl nitrogen.

Tire alvcolar dilutio. equatio' is .ow obtainecl

and sirplifying.
by equating (1) ancl (2)

(TLC - VCI) F^N^ = (TLC - Vll) F '' '"'2 
\-"v r D) 'A NZ

TLC = VCI Fruvz - Vn FA'w2

F¡¡z - ìh'ru2

FO'r, is estimatcd from the plot of N2 against

seconcl vc exlriratioir. Trre arca u'crer trris curvc is
of nitrogcn e4pircd, ancl correcting for cicacl spacc,

tion of flrc alvcoli is tìren F4'¡,
expirccl vital capacity.

lìesidual volt¡re was calculateci by subtracting from this estinatecl
TLC the larger recordecl vital capacity (ìnspired vc, or expired vcr).
values for RV a1lowec1 computation of TJ,c ancl FRC.

the expiratory curve obtained ciuring trre si'g1e breath nitrogen
test carì l¡e divi-ded into four phases (Figure 5) . phase I i.s dead space

gas, that is pure 0, cx¡rired fron the l arger conclucting airways ; pÌrase

rI reflects the transitional zone or mixed alveolar and clead space gas;
Phase III a:rcl Phasc Tv condrinccl arc repl-cscntativc of thc alvcolar: gas.

Phase III is connnonly termecl the alveorar plateau, ancl the junction
betrvccn Phase III ancr Iv is ter*cd closi'g vorlu'c (2r). rre closi'g
volume curves in this study were analyze<l in terms of slope of phase

rII, rvhich was taken as the slope of thc line of best visturl fit clrarr,n 
:at voh¡'nes less than 70? vc. This slope reflects the variation of RV/TLCI

íìnìong Jrurg tutits ancl thc tcnclcnc'of'rulits rvìth rliff-cri'g Iì\¡/TLC to
ery)ty scquentially (77,22). .t{e also rnca.surccl closing capaci.ty, defincrt

= arc¿1. r,r4rCrC VC-\,r:vb

volune during the

equal to the arnoutrt

tJre mean conccntra-

i"s the volune of thc
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as closing voluno plus lìV. 't'hc clos.Lng capacity is tltougl.rt to bc t]lc

volunc at lvhich clcpcnclcnt lurg r-urits r_urdcrgo air-rvay closurc (zs) .

Pleural pressure was estimated by esophageal pressure which was

measured by a 10 cn long balloon, inflatecl rvitir 1 m1 air according to

tlre nethod of Milic-Enili and associates (2) . 'l'his was positionecl in
the upper tliird of the esophagus in an area free fron artifacts as

tested by head motion (24). Mouth pressuïe lvas obtainecl from a lateral
tap at the mouth piece. Transpulmonary pïessuïe, expressed as nouth

pressure minus pleural pressure, tvas nonitored by connecting pleural

pressure and nouth pressure to either side of a differential pressure

transducer (Validyne DP15). Ar occluder was ¡rlaced _just distal to the

mouth pressurc tap and was used to intcrrupt ajï florv intermittently

wh:ilc thc ¡laticnt cxpircri into thc spilonrctcr. I{casurcnìcnts of volmrc

and trarrspulnonary pressure during these interruptions (F1ow = 0) allow-

ccl contputation of thc static P-V curvc. 'l'ranspulrnonary prcssurc ilrci

lung volume were recorcied simultaneously on a i'lewlett Packard 2 charinel

strip rccorclct ¿nd rccorcls wcrc ana.Iysccl tnanually. Subjccts rvere

asked to breathe quietly on the rnouthpiece until their FRC stabltzecl..

Thcy Lìren tooÌ< a nt¿rxirnal inspiration to'l'LC, and slowly cxhalcd to l{V

while being interrupted, and then inspired back to TLC.

Parti¿rI l)-V curvcs wcrc ol¡t¿rinctl by lr -sirni,.lar lnancuvcr wlrich dif-
fcrecl only in that thc deflation curvc was initi¿rtecl at 60% control VC

rather than TLC. Four subjects, after release of rib cage and. abdoninal

restriction volt¡ntartly maintajned their end tidal volume at less tha.n

60? of corttlol VC. Static prcssure-vo1r¡ne data lvas tlius obtainecl d.ur-

ing an cryliration fron 60% VC, ancl inspiration to TLC anci a seconcl clcfla-

tion frolll lull inspiration.

'l'o cnsure that i)-V characteristic-s of: thc,lrrno rnrrrrnorl rn normal



a Control P-V Curye was obtaincd in al'l .ì¡rlrinr-f c aftcï eaçlì restriCtive

procedure.

MEFV curves were determi-ned by plotting florv (the derivative

of volume with respect to tùne) against volume on a rapid response

XY recorcler. Volume \{as neasured. r,vith thc rolling-sea1 volune-displace-

ment spìrometer. After taking a full inspiration to TLC, subjects

were askccJ to exhalc Forcibly to IìV. lìor^ cllrves to bc consiclcrecl

reproducible, forced vital capacities haci to bc within 5% of cach othcr

ancl pcak flows rvithin 10%. Partial lvlìlfV curvcs h/ere initiated at 60t

control VC after slow insi¡iration from RV.
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1.

Calibrations

'lhe follorving calibrations precceclecl each stuc_ly.

Rolling-seal volume-displacenent spirometer

(i) Volume

(a) The linearity of the spironeter recording system was checked

using fixecl electrical signals.

(lr) lvith the teìrpcr¿]turc coììrpc-.nsation clial at JToc (i.c.
no compensation) a 1 liter calibration syringe was used to adcl 1 liter
of gas to the spiro:nctcr. Acljustrnents wcrc tnaclc such that a pre-cieter-

nined deflection represented 1 liter on both the xyy, recorder and

thc ilclvlctt-Packarcl ttvo cìl¿rnncl strilt rccorclcr. lhis rvas'confinlccl

by consccutivc 1 litcr inflations ancl clc f.lations .

(c) 'l'ltc tclrrpct'lturc corìrpcrlsiìtion lvrrs tìrcn clrcckcd lty tunrirrg

the clia1 to Z\oc (i.e. maximun compensation). The subsequent addition

of 1 litcr of gas shoui.d bc rcprcsontccl l;y a clc.flcction cc1ual to 1. 19

liters.

(ii) IrIow

Once vol-une calibration had becn concluded, a constant florv

of gas lvas acldecl to the spironreter whilc (i) flow was recorclecl on the

XYY' rccorder, [ii) volune rvas recordecl on the I'lelvlett Packard strip
recorr,ier rr-rmriilg at a knomr speecl. Flow was calculatecl from the strip
recorder record and the rcadout on flre XYY' recorcler checkecl. In case

of discrepancy the necessary adjustnents were macle.

2" Validlrre Pressure Transducer

(a) ìVith no irtput, tltc zero r^/as set otr the llewlett Packard recorcier;

(b) using a r'iater rnanometer, 20 cnr firO positíve pressure was

aclclcd to thc positivc sidc of thc transclr-rccr. 'Ihc rccorc-lcr w¿rs set such
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that 1 crn represcnted 10 cm l'1r0.

(c) Using a water manometer, 20 cm I-lr0 negative pressure was added

to the positive side of the transducer to ensure a deflection of -1 cm

represented -10 crn HrO.

(d) This proccdurc u/as repeatccl for thc ncgativc side of the

transducer.

(c) Thc zcro wls cliccliccl bcfiolc vcry run.

3. Nitrogen Meter

The linearity of this meter was checked initially to ensure that

it was linear over the range being used. This lvas clone using a

proportional gas mixing purrp (Wostlioff typo SI8/5a) rvliich propares

gas mixtures containing i;recisely known concentrations of oxygen and

nitrogcn.

Before each study tìre rneter h¡âS Zerocd rvith l-00ta 0r. The needle

valve was then adjusted to ensure that the neter readout rvas maximwn.

Conpressed air, humidified by bubbling through water, was sampled

until the nitrogen meter gave a steady readout. T'his was then adjusted

to 80% Nr. The XYY' recorder rvas subscquently calibrated such that

2 cm represented 10% N2.

'l'lrrol¡ehoLrt the st-rrily tllc zcro rvrs chc-.c-l<cci rcpcatcclly.

Vali<lation of thc Á,ccuracy of the Rcsiclu¿l-l Voll¡rc lt4casurcmcnts using

thc Singlc llrcath N, 'l'cchriquc.

In one subject measurenents of residual volume during rib cage

restlictiorì \velc madc using both thc sirtglc brcath N, teclrnique

ancl thc Stcacly-statc LIeliuln Dilution tcchniquc. No significant dif-

fclcncc rvl-s fourd bctlvocn thc tlvo ncthorls.
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C. Statistics

'l'hc statistical lllcthocls uccl to illì¿rLyzc tltc lcsults of thesc

experiments are outlinecl in the Appendix.



-,'15 -

ITT. I]XP]IRTMIINÌ'AI, IìIìSIJI,]'S



- Ì.t¡ -

Tnunc rs i on Stucl i cs

Ilib cagc rcstriction j-n four subjccts significantly dccrcasecl lurg

volumes from those observed in the control state. Mean TLC was 57%

of controt (p . 0.05) rvhile mean FIìC was 65% of control (p . 0.05).

When restrictecl subjects were irrnnersecl TLC was 59% control while FRC

ciccrcasccl to 501å of colttrol. 'l'hc cliangc in IìlìC lvith illullcÏsion \n/as not

statistically clifferent. RV was not changed. Volumes are listed in

'l'al-rlc 1.

In all subjects rib cage restriction shifted the static deflation

p-V curve to tþe right of control and subsequcnt imnersion showed no

further systematic change. The deflation P-V curves for all subjects

are shown in lìigure 6.

peak maximup eq'liratory florv was decreased during chest restriction

in al1 subjects, but once flow became cffort independent, maxi:tum

expiratory florv CV**l rvas consistently greater than control. Subse-

quent inunersion incrcasccl üru* "lr"^ 
furtltcr in one subject, llut in the

rcmai.ning tlrrce subjccts tl'rere IVas no changc. lvlEIrV curves for all

subjects are presented in Figure 7.

Tablc 2 shows ncasurcìncnts of. clastic recoil pressure (Pt) at 50%

control TLC, static compliance (Cst) over tire interval 50% control TLC

+ 0.5 Iitcr.s, lurd üllrlrx ut 401 contlol'l'1,(1. Ìr'lclln P,, ittcÏcasccl froln

4.4 cm IIr0 cluring control Lo I2.9 cn FIrO cluring cìrest rcstriction (p <

0.05). In¡rersion rvhile strappecl gave a lncan recoil pressure of 13'0

cn FIro, not significantly different from that observed during chest

str:apping alouc. tr'feaLr Cst lvas 0.31 L/cllr llr0 in the urstrappccl statc,

¿urc1 <lccrcascci significa-nt1y to 0.11 L/cm tlr0 during rib cage restrict-

io^ (p < 0.0S). Srrltsctt¡rc.nt i,rnncl'sion rlid Itot c[fcct thc rocjttct'ion oI

Cst sccn cÌuring riìl cagc rcstrjction. N'lcan Vlnax at 40e; control Tl'C
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incrc¿rscd ovcr control. cluring rÍl; (:¿rgc rcst.rictiou a:ld was ltot cltangccl

bv subscuucnt i.nuttcrsion.

Abdorninal iìcstriction corÐarccl to lìib Cagc lìestrictj-on

The effccts of both fonu of rcstriction orl thc subclivis.lons of

luirg vol-nne are listeci in Table 3. lìib cage restriction proclucecl ¿Ln

overall reduction in TLC ol 43% ancl in FlìC of 3B%. Silrilar decreases

\trere seen with abdomin¿rl restriction (40e¿ ancl 45% rcspoctivcly). 'lhe

TLC and FRC during both forms of restriction were significantly less

than the control values (p . 0.05). Neither fonn of restriction

significantly altered RV.

In all subjccts rib cage restriction slliftecl tl're static cle1Iatíon

P-V curvc to thc right o[ botli thc control rrrrti partia] curvcs (Figurcs

8a a-ncl Bb). ln six o[ thc cight subjccts static dcflation curvcs

cluling ¿¡bclollillal rcstrìction wcrc incìist.irrguishablc f'ronl thosc obta.inccl

during a partial maneuvcr (Fígurcs Ba aurcl 8b). Thc rcnlaining two did

shorv a rigìrt shi f-t of thcir clcflation crlrvc-' c}-rrirrg abdontin¿¡1 strapping,

but this was lcss than that observcd cluring rib cage rcstriction.

As rcportcd by prcvì-ous authors (I2,I4) thc incrcasc in clastic

recoil persisted after removal of either thc chcst corset or thc abdom-

inal binclcr proviclecl thc subject refrainecl frorn taking a largc inspira-

tion (Figurc 9), but following a ful1 inspiration to TLC, elastic recoil

was restored to nonnal. Indeed, following eithcr fonn of restriction,

in all subjects an inspiration to TLC produced a return of the static

clcflation curvc to that obscrvcd bcforc lcstrictj.on (Figurc 10).
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tr,lElV curvcs for all subjects are prescnted in Figure llaaiid 11b. Peak

flow was decreased from control during both forms of restriction,

as well as during the partial maneuver. Ilowever, once peak flow had

been obtainecl, Vmax was consistently higher during both rib cage and

abdominal restriction than it was during either control or partial

maneuvers. There was no coosistent ciiffercnce bctween Vmax during

rib cage restriction and that during abclorninal restriction. At low

lung volunes ümax during a partial manellver was greater than control

in 2 out of 7 subjects; in all others Vniax did not differ from the

control curve

lixiun¡tles of cst, P, ancl vmax l'or:r11 :;trbjccts cluring rib cagc

rcstrict Lotì and abdolnin¿rl r-cstriction alc sltoln in 'fablc 4. Cst

ancl P¡ are compare<l at 50% of control TLC cxcept for two subjccts

in wfiolli rcstriction was so scvcre that 50'1, control'l'LC approximatec]

TLC cluring restriction. Vmax is compared at 40% control TLC in

all subjccts.

There was a statistically significant increase in mean recoíl

pressure fron 6.2 cm I{r0 during the partial maneuvel to 11.5 cm HrO

during chest restriction (p ' 0.05)' Duríng abdorninal restriction

ho¡ever mean recoil pressure was 7.0 crn HrO, whichwas not significantly

different from that of a partial mancuver (6.2 cm I{20). Rib cage

restriction reduced mean static compliance from 0.21 L/cmHr}

during a partial maneuvel to 0.13 L/cm HrO (p . 0.05). A similar

reduction was seen witl'r abdominal restriction in which mean static

cornpliance clccreased fron 0.2I L/cn H.,0 to 0.16 L/cm HrO (p . 0.05).
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llffects of rib cage restrjction and
abdominal restriction on l'ìrrs.

Rus at 40% TLC (crrr llr0/L/s)

]'ABLE 5:

Subj ect
TE

l).[\/.

!V. c.

ll . ['1.

N.A.

G. II.

D. G.

Ilean

S. D.

S. E. T{.

P

)17

1.93

2.(¡2

2.'.¿rJ

1.91

3.07

2.00

2.32

0.44

0.r6

tìc

s.25

3. I0

3.50

3. 03

1.18

3. 00

7.r2

3.45

r.79

0. 6B

AtsI)

1. 94

2 .04

2. t5

2. L4

0. 68

?10

1 /q

n qa

^))

r-
ABD

partial, RC = rib cage restriction,
= abdominal restriction.
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l,,lean ùmax at 40ea contïol TLC lvas

restricti-on and abdominal restriction.

significantly greater (p < 0.05) than

during the partial maneuvers.

L/s during botJr rib cagc

n both cases this value was

mean of 1.9 L/s measured

Maxirnun flow static rccoil curves wcre constructed for scven

subjects (Figure 12). For any given static recoil pressure, flow was

lcss whcn thc rib cago was rcstrictcd tlun it was wìlcn ci thcr the abdo-

men was restricted or when a partial maneuver was perfonned. Also in

four of the seven suì-ljects, at a giver-r static rccoil prcssure, flow was

greater during abdominal restriction than during a partial maneuver.

Iìsti-rnations of thc rcsistaucc of tllc ain^ny upstrc¿xrì frori thc c<¡uuI

pressurc point (Rus) wcre taken as thc ratio of static rccoil prcssurc

to rtraxirrurtt cxpiratory Llolv at 40Îj control 'l'LC. 'lhesc vaÌucs arc tallu-

lated in Table 5. Altirough these values did not reach a leve1 of signi-
.{: i,-rne a f lrar^a r^r-- 4 +^,.-l^^^., f^, qrv¡v ,rcrr d- LurrLrçrruy tvT lìr.rs to increasc during rib cage rest-

riction, ffid decrease during abdominal rcstriction, lvhen cornpared to

data fron partial meaneuvers. Flowever rncan Rus during rib cage restric-

tion was significantly greater than during abdominal restriction (p . 0.05).

Mean values of Rus rose from 2.31 srn llr\/L/s during partial to 2.86 c:lÉl.}/

L/s with rib cage restriction, and l'ell to 1.93 crn I'Ir}/L/s duri.ng ab-

dominal restriction. A plot of the values of Rus during a partial

ìllancuvcr against those during rib cagc rcstriction (Figurc 13) sirolved

that all points except one 1ay above the line of identity, indicating

tirat]ìus1^/aSSySteniatica11ygTeaterdurÍrrgchestrestrictioninmost

subjects. A similar plot of partial versus abdominal restriction (Fig-

ure 14), indicated that Rus was systematically smallcr during abdoninal

restriction compared to partial.
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slope of phase III and the absolute vorlmes of closing capacity

for all subjects are presented in Table 6. There r^/as a significant

increase (p < 0.05) in the slope of phasc III cluring rib cagc restric-
tion conpared to either control or abdominal rcstriction. During ab-

clontinal rcstriction tite sJ.opc of ilìrasc III was slightly grcater tìran

control, but values did not reach the leve1 of significance. Although

tìre ratio of closing capacity to strappcd 'l'LC sholvecl an iircrease cluri¡g

restríctive states, the absolute volunes of closing capacity were not

significantly clifferent fron control.



-49-

W. l)ISCtISSI0N 
^Nl) 

TNllllìPlìll1'A'l'T0N 0lì lìXl)lìlìlli'llrNl'AL lìlìSUIil'S



In this expcrintcttt rib cagc rcstrictior-r procluccd chargcs in t¡e
subdivisions of lung volune which were sirnilar to tllosc repo::tccl by pre-

vious studies (r2,r4,15,25). Like caro, llutlcr and Dußois (12) we

found tltat rib cage rcstriction produceci both a significant increase i:r

clastic rccoil of t-he h,utg zurci a significant ciccrcasc in 1r-urg conplia:lce.

We fornd that the release of the chest strap did not cause a return of

thcsc ì)aïilììctcrs to norntal , but that this occurrcci with thc first dccp

breath to control TLC, again in agreement with previous workers (Lz,r|,
15) . IVe also fou¡rd fltat rib c¿ìgc rcstr-iction s.igni ficlmtly incrcascd

maximun expiratory florv at a given lurig volune. 'lhese results arc simi-

lltr to tltosc rcltoltccl by Sybrccht ct- ai ll5), l;ut sornuvhut. slurl-lcr 1-lì¿uì

the increases foutd by Stubbs and l.{yatt l14J . At the 1ow lr.ltg volumes

collsidcrecl, ttu-utitttuutt cx¡riratory flow w¿rs clfort Ìnclcltctrclcnt ¿urcl rcl-atccl

to static recoil of the lt¡-tg, so thcse rcsults also inclicated that

static l-urg recoil was increased. l{ren a rib cage restrictccl subject

was imnlersed fully to the neck in watcr, there was a further decrease

in Flìc (35ea to 50îr), but the vc was conrparable to that of rib cage

restriction alone (rnean 2.70 L during rib cage restriction conlpared to

2.66 L durilg restriction while in¡nersec1. RV remajned unchanged. Im-

rlersion of sr,rbjects l^/ith restrÍction pr^ocìucecl no ftrrther cl-rangc in the

P-v curve of the lung (Figure 8), or in ¡rean c(st) at s0% control TLC

(Tablc 4). Sinrilarly, no corlsistent changes were founci when a compari-

son was made of the rnaxinium expiratory flow volune culves in the tr^¡o

conclitions (Figurc II, Table 4) . From this lve conclucle that the rnech-

anical. changes in the lung observed during restriction of the lil-r c:ror.

rvcrc r)ot alterecl to luly significailt cicgrcc by inuilcrsion.

Prcfaut, Lupi-ll ancl Anthoniscn (1ó) stucliecl sub jccts ilnmcrsecl
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in tllc unstrapped state . fnmersj-on dccrcasecl FlìC by an arnoLüìt sirúlar
to drest strapping ancl they nnde nlcasurcuents follolving a five ninute,
period of shallorv breathing at this reduced FIìC. l{owcver, prefaut et
al i16) failed to sirolv increasecl recoil or increased naximurn expiratory
florv at lotv lturg voltunes. ln fact they Folrrcl a clecrease in both elas-

tic recoil and maximun expiratory flow at low h.u-rg volumcs inclicating

that not all :f-.onns of= volt¡nc rcstrictiotrincrc¿¡sc thc clastic r-ccoi1

of the h--urg. lhe obvious diffcrcnces betwcen 1ow lung volumcs attainccl

ciuring iltuncrsion ¿urcl drcst-strappiug ¿u.'c that thc fonlrcr is attc¡cjccl by

shifts oi, bloocl intu thc chcst (26) ancl is clue ¿rlnrost cntircly to clia-

lrhrrrgilta L-ic ¿ls ol)l)oscrl to lib clgr-. rìis1: Ilrr:c-.nront (27) . Ìn tìrç ir origi¡aI
papcr Caro, Ilutler a:rcl Dullois (1.2) rcportccl a mcan increasc in clastic
rocoil ¿Lssociatccl rvith rcstrictiorr of thcr ¿rbdolrron. ,{s llrcviously rrotcd

these results are rather niisleacling, as of thc thrcc subjccts stucliecl,

ollc sllowccl a rel¿rtivcly large increasc ill eI¿rstic recoil lvhile the re-

nainiirg two shorved no change from the urstrapped. state (rz). However

on tlÌe assu:nptions that (a) abdominal restriction íncreases the elastic
recoil of tire lLng and (b) that abdornina.l restriction in an a:ralogue of
imnersion, Prefaut et al (16) suggested that their results rnight indi-
cate that shifts of bloocl into the chest cìuring inmrcrsion prcvcnr ¿ur

increase ín recoil clue to volume restriction. This study clicl not sql-
port this argument, as IVe fourd no ciisccntj llle c.Ffect of imncrsion on

the altered elastic recoil and ¡iaximun expiratory flow present during

rib cage restriction. This led us to question the inj-tia1 assunrption

ntade by Prefaut et al (16), that restriction of the abdonlen increases

elastic recoil. lVe extended the stucly of Caro, Ilutlcr ancl Drbois (I2)
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by cx.unining the cffcct of rcstrr.ctirìg thc abcionrcn in cì.ght subjccts,

a]ld furthcr conpared this to the changes observecl ciuring rib cagc resr-
riction in the same ei_ght subjects.

using pure abdominal restriction, we were urable to procluce

chatrgcs in lung volune which \,{crc conpar¿rblc to thosc obscrvccl wj.th rib
cage restriction (Table 7) . Thus, the fact that we founcl no cl1angc in
cl¡.stic: rccoil rvjtll 1trn"c lrìltìornilltl l-(-.stl^ir:t.iorl rui¡¡ìr1 lurvc lloc_.ll llcc¡usc

the volirme loss was not large cnough. 'Ihis was supportccl by tlic fixd-
iltg that a silltil¡r dcgrcc ol. rib cagc l^cst.l:ictj.on chcl ¡ot producc .r-c-

coil changcs (Irigure 15, Table B). We crcatccl lung volune changcs co¡rp-

aralllc to scvct'c rLb ciLgc lcstljct.iorr by conrbirrirrg ,rr"xirrral abclorrri¡al

Testriction with nild rib cagc restriction. Ilccause the lattcr alonc

caLrscd tto cha:rgc in lung rccoil or naxinrr-un cxpiratory l.Iorv, lvc bcìicvccl

that changes in these variables coulct be ascribccl to eitller 1ow 1¡¡g

volrnìte breathilrg or to abclonilal restriction. 'lhis for¡i of abciominal

rcstrict.ion rcclucccl lung voh-¡ncs by a:r ílrìor.ult con¡rarablc to tlìat sccp

with rib cage restriction. TLC was recluced by 43% with rib cage restric-
ti-on, a:.rcl by 40% rvith abciontinal restriction. The rccluctions in VC werc

52% and 48% respectively. However, the static deflation pressure-volume

cllrvc cltrritrg abclolninal rcstrictioìl r^Ias not signi f-icantly cli.f-l.ercnt fronr

that of a partial nuneuver in the r,urstrapped state (Table 4, Figure B).

In sPitc6¡ tltis, the rccluction in ntcatì st-ati.c corilpll{xlce at 50e¡ 1'LC dur-

ing abdominal restriction was similaï to that observecl during rib cage

restriction (Table 4). Also, measuïenents of Vrnarc rnad,e at lung volulcs

where flow was effort independent showecl a similar increase ciurins

both fonms of rc-striction.
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'Ihat the incrcase in elastic recoil ciuring rib cage ïestrictio'
is real a:rcl not a reflcction of esoPhagcal artefacts is co¡finneci by
the associatecl increase in ümax during effort independent f1ow. Abclom-

inal restriction also increases ümax cturing effort incì.epenclcnt flow,
but lve failcd to obscrve an associatecl incrcasc in clastic rccoil at
sinrilar lurg volr--ures. lvere the trvo netJrocls of restriction cliffercnt,
or dicl ¿tlldolltjllal rcstriction Pro(lucc soìrìr. csoplrrrgcal ar.tcract whj.ch

r'nderestimates the true elastic recoíl of the ruurg? It the latter were

correct, restriction of the abclorten nrust havc gcncratecl a falsely posi-
tive esophageal pressure. If this phenomcnon clicl occur, ffid if im.ner-

siolt rcstl'j ctcci ì tulg volr-lttc jn a s.ilnj lar' [-ashiorr to ¿Lbciol'lral rcstric-
tion, then we would have expectecl an incrcase in esophageal pressuïc,
¿¡td fltu-s ¿r clccrcasc -i-]t clastic lecoir, lvlrcn a subjcct lvas i¡¡rcrsccl. Ilow-
ever we found that elastic recoil did not change rvhen a rib cage res_

tricted subject was inlnersecl. I,'urthenlorc, if abclominal restriction
did apply a positive force to the esophagcal b¿rlloon ancl thus mask thc
expected increase in recoíl, removal of the abclominal bincler shoulcl

have been accornpanied by a clecrease in esophageal pressurc ancl a' in_
crease of recoil. l\hcn we dicl this experimcnt, lung recoil ciicl not charigc

after re¡ltoval of the bincier which restrictccl the abdonren, r-¡til tlie
subject inhaled to TLC (Figure 9b). This fincring was simirar to tiiat
notccl by ourselvcs (Figure 9a) ancl otl.rcrs (12,14,15) in the case of
rib cage restriction.

lhere'fore ive concludecl that there ivas no reason to belicve our 
:estimates of recoil were falsely low in rcstriction of the abclonlen, that 
:

this state lvas not associatccl rvith a:r iltcrcasc in rccoil and, that tircrc
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was a real clifferel-Ice present betrveen thc two netlìocls of Tcstriction.

1'his conclusion is supportccl by the fact that the diffcrcnt tlpcs of

restriction had different influences on phase III slope (Table 6).

During rib cage restriction we for-mcl a clistinct increase i-n the

slope of phase III of the single breath N2 test (I7,22). Mean values

of thc slope were 0.65 %NZ/L during the control run and 1.77 %NZ/L

during rib cage rcstricti.on. 0¡r thc otìtcr hanil clur.i.itg abclorninal rcst-

nction the slope ot phase III was not significantly clifferent frorn

tlrat of control (1.03 %NZ/L). Caro ct al also used the singlc brcath

N, tcst ¿Lrrcl found an incrcase in the urcvcncss of vcntilation cluring

r.ib crgo rcstriction ('l2).

In his ori.ginal papcr orÌ ur.ìcvcn puLnonary vcntilation, Fowlcr

[,17) notcd that as inspircd volurnc inclc¿rsctl, tìrc util,onrrity oI cx-

pirccl alvcolar g.rs incrcascil. lhus if .inspirccl volunc is dccrcasccl,

thele lvould be ¿r:r associatccl ircrease in the uneveness of distributioli

of inspired gas. The vohmte inspirecl cluring rib cagc restriction r,/as

significaLrtly less that that cluring a control inspiration in tl-re r.urstrap-

ped statc. 'l'l-re increasecl uncveness of vcntilation distribution noted

by both us ancl Caro et a1 (12) coulcl have been purely a volune related

nÌ.nnnntnrrnn Itla -o..fnnno.1 'rn¡+-i n l ^'1 ^-; n ^ rrnl ' 'n.rJ¡rv¡rv,,rvrlvrr. "- perfonled partial closing volunc maJleuvers on three

subjects. 0n a partial maneuver the mean slope of phasc III was 1.84

eaNr/L, and on thc sa:nc thrcc subjccts thc mcan slopc o,t phasc III cluring

rilr cage restriction was I.B3 %NZ/L. This tended to ixdicate that

the slope o1- phasc III cluring rib cagc rcstriction \1ias a cotìscqucncco['

volume reduction,and did not reflect a specific effect of restricting
fhn ri lr rron
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If this were true however; it appeared tlìat abdonil-ral restïiction

clecleascd tltc turcvencss of inspircd gas. ln oflrer words our cl¿rta could

be intcrpretecl to inclicatc that rcstriction of thc abdotnelt lecl to i¡i-
provecl distribution of ventilation, whcrcas cluríng rib cagc restriction

it rv¿ls turaltercd. lVc are uìccrtain of lvhat ntccha:risnls c¿rrsccl this. but

examination of the elastic recoil and maximun expiratory floiv results

tttay givc scttltc clucs. Durjng abrlorrrinal t'cstl'jcti,otr wc obscrvctl ilrcrcas-

ed Vlnax with no change in elastic recoil. Effort independent Vniax is

govcntcd by tlr'o factors: clastic rccoil, lvhich js the clriving prcssurc,

anil airways rcsistance of the qrstrcam scgnrcnt (Rus). Since recoil was

lìot s:Lgnil.icautly incrcasccl durirrg abclorrri.llal rostli-ction, lll-s nl-st havc

been decreased (Figure 14). If abdominal. restricti.on decreasecl peri-

¡llicral rcsista:rcc, this rnigìrt explain not otrly thc observecl incre¿rsc iit

VInax, but also might contribute to thc irnprovccl distribution of vcntila-

tion.

Maxintut flow static recoil curvcs r{ere constructecl for seven sub-

jects, ancl for any given static recoil pressure, maxirnurn flow during

rib cagc restriction \vas less tha:r that rluring partial na:rcuvcïs, or

during abdominal restriction; thr-rs Rix increased with rib cage restric-

tioll. hr lour o{- thc scvcrì sr-rbjccts, at ¡r givcn st¿tic rcc:oil prcssuïc,

flow was grcater cluring abdominal rcstriction than during a partial
nìalìcuvcr, ittclicatitrg a trcncl for Iìrrs to clccrcasc with abdotninal rcstric-
tion. At 40e" control TLC, Rr-rs during partial maneuveïs ave-raged, z.3Z

crrillr0/1/s inclcasino fo i 45 r-rrll20/7/s rvitþ rib cagc rcstriction a,cl_ _ _ 

¿_ uuöv I uJ ur ru Laull 

:

decreasing to 1.83 c:rllz0 /1/s with abclominal restriction. The clifference

in lìtr-s llctrvcctr rib cagc ancl abclonr.inlrl rcst:'jctjon lvls signif ic¿urt (p.0.05).
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In suluttary, our data inclicatcd that restriction of tlìe riìr cagc

was diffcrent from abdominal restriction. Although both forms of rest-
riction clccreasecl tire static conplia:rcc of. thc 1urg, a:rcl increase<l

m¿rxi¡tt¡lt exlriratory flow, only rib cage rcstriction was associate<l with
a substa:rtial hcrease iir recoil. llesist.¡rce of tìrc arnvays upstreanì

fron thc equal pressure point wa-s significantly increasecl cluring rib
cage restriction, altcl there was a significant clifference between the

two forms of restriction in terms of evcness of clistribution of inspired
otì q

Our fincling of increased Rr¡s during rib cagc restriction agreecl

with th¿rt of sybrecht et a1 (15). stubbs a:rcl Ityart t14) cìicl not fi:rcl

an incrcase in Rus; jn fact thejr maximun flolv static rccoil cuîves rvcre

sinj-lar to the ones we neasured duri-ng abclominal restriction, in that
they clìcl not clilif.cr front tirosc mc¿rsurccl in thc Lxrstïappcd statc. lcy
enployed a "thoïaco-abctominal restriction" cluring their stucly, ancl as

flrc ¿¡llclollctr js ¿ì tììorc c-lcl'onlraìrlc structul'c tlr¿ur thc ril¡ cítgc, it js

reasonable to speculate that they restrictecl the abclomen more than the

Ïib cagc. Â closcr look at flrcir stucly Lcnc'ls to support tliis hypothcsis.

In our study the reductions in the vital capacity fouricl ciuring

rib cagc llrcl ¿lbdolttin¿1l r'cstrictioll chl,fclcd dcpcnrljng o¡ tltc fo¡lr of
the rcstriction. I{e ¿rsscssed tiris recluctioir by conrparing the perccntagc

rccluction of the IC to tìrat of the ljlìV. '1'o allolv corrparison betrvce¡ our

study and previous papers t^/e, quantifiecl this nuneri-cal1y by diviclirrg

tire pcrceiltílge rc<luction of thc iC by thc pcrccntagc rccluction of t¡e
ERV. thr-rs if both componetìts of the VC were reclucecl by an equal propor-

tjon, t,h.is rlrtio woulcl bc c.losc to tutìt;r. Â.l1cnllt.ivcl1t a valuc lcss



th¿rn unity wou1cl inclicatc a grca1.()r rcciucLi.on of thc IilìV tiian of tlrc IC.

Durirt¡¡ t'i.ll c:rtgo l^cstliction in orrl strriìy, ìloth TC ¿rncl ììlìV rvol'c lcdLtccd

by sinilar anounts, thc perccnt changc in IC pcl l)ct-ccnt ch¡nllc in DìV

avcraging 0.81. l)uring abciorttinal rcstrictiorL thc rcclLrctjon in IRV rvas

relatively greater, md the ratio was 0.53. The stuciics of Caro, Ilutlcr

ancl DuBois (12) ancl Sybrecht et al (15) both used a form of rib cage

restriction, with no abdominal component. Computed values of our ratio

in these studies were 1.20 and 0.85 respectively. In Stubbs and l-lyattrs

study (14) the ratio rvas 0.51, in close agreement with that noted rvith

the abdominal restriction we employed.

A1so, at 50% TLC Stubìls and ll¡'¿1a fourtcl a mean j.ncrease in static

recoil prcssurc from 3.6 cn IIr0 during thc control unstrappcd situation

to 5.9 cni IIr0 during rcstriction. l'his ìncrc¿rsc-'ivas simil¿rr to our mcan

increasc flrom control to abcloninal rcstriction, which at 50% control

'i'LC lvas 4.7 cm llr0 to 7.0 crn llr0. Ilowcvcr wc l-ouncl this incrcasc could

be explained by hystercsis of the 1*9, as mean static recoil a'r.50%

control l'LC ciuring a partial nmcuvcr iv¿rs 6.2 crn IIr0, not significantly

different fron that during abdominal restriction. Stubl¡s and Ltyatt

stateci that in prelfuuinary exper:inrents four subjects had performcd par-

tial pressure-volume curves, md at 50% TLC there was an average differ-

ence of 0.4 cnr ilr() betwcen thc partial .urcl full pressure-volune curves

(f4). Our results disagree ivith theirs as r{e found an avcrage incrcase

of 1.53 cm Ftr0 at 50% control TLC. Thus our data is consistent with

the ivork of Stubbs and Hyatt (14) if it is assumecl tl-rat their form of

restriction was an analogue of our abdominal restriction, with small i-n-

crcases in recoil that might have been due to hysteresis, ancl lißSR curvcs

that arc ì.nclistinguisllable froru those rìc¿rsul'cd cluring a full cxpiration.



Clinical disoldcrs can rcducc total hrnu caprcity, anci clcpcncling

on the relative contril¡utions of rib cage or diaplrragm displacement,

various alterations of lung f.unction have becn reported.

It has been shown that'when subiects b/ere anaesthetized in the

.-,,.-.: ^^ *^--: +; ^^ruprrru lr\rr-LLrurr there was a signl,eicant ïcduction in FlìC compared to

the arvake supine state (28,29,30) and as this effect rvas not abolished

by paralysis, tìlc rcduction was not <luc to contr¿rctjon of cxpiratory

muscles (26,28). \Vestbrook et al (28) carefully measured pïessure-

volunc cur:ves in supinc subjccts in thc ¿riv¿rkc, anacsthctizcd, and anaes-

thetizecl-paralyzed states. Elastic recoil showecl a significant increase

Lronr tlic 2.8 cn llr0 in tllc awaltc sLaLc to 12.2 cnr Ilr0 irt tlro artacsLlrc-

tizcd, statc, witli no further change with paralysis. C(st) fe11 signi-

ficaLrtly with uracsthcsia (0.204 to 0.143 L/cru.tlr0) and again rìusclc

paralysis produced no further changc (28). Thcy felt their clata was not

consistcnt witli arr incrcasc in airway c Losurc, as nìcasurcnrents of 'l'GV by

plethsmography and by a gas dilution tcchnique did not diffcr. Also thc

changes they observed rvere not progressive, but occurred early and

stabilizccl, ancl wcrc not rcversil'rlc by 'in{'lation to transthoracic pres-

sures of 35-40 cm FIr0 (28). Their results are consistent with those

fouLrcl lvith chcst rcstriction, a clccrcasc in FRC togcthcr rvith an increasc

in P, an<l a decrease in C(st). Similarly, if our subjects inspired ful1y

lvhile stil1 lcstlictccl, lalgc tralspulrrìorì¿lry pr-cssurcs coulcl be tlcvclopcrl,

without decreasing llxrg elastic rccoil.

lVcstbrook anci associatcs postr,rlatccl that thc initir,rl effect of

anaesthesia was to cause a changc in the pTessure-volune characteristics

of tl-re chcst rval1 sucll that a rccir-rction in lìlìC occlrrLecl. Subsccìuent



breathing at an abnormally 1ow l-urg volunc lecl to increased recoil and

decreased compliance, either through a change il surface tension or

atelectasis (28) . lheir results appear to contradict this, as their

mean pressure-volune curve for the chest wa11 was not significantly

ciiffercnt fron that of control. T]lis as well as the l-act that in the

sitting position tirere was no change in FRC or lung cornpliance followíng

thc ollsct of. a:racsthcsia (31) rnakcs fllc idc¿r ol'a c:hutgc ili thc chcst-

wall mechanical properties due to anesthcsiology a little doubtful.

Â ¡rossiblc cliffcrcncc bctlccrì uì¿rcsLltcsia aLld rib cagc rcstrictio¡r

is apparent, in terms of the <listributiolr of inspirccl gas. Iìoth rve,

¿tLrd Car.o ot ¿tl (12), l-oLlrcl ¡ln incroasc irr t-ulcvclloss ol- distrjltuL-ic¡ll of

inspired gas with rib cagc restriction. lJuring anacsthcsia it has been

showlt tltat N, clcarancc iruprovcd (30) ancl thc s1o¡tc of pìtasc III was

decreased when conpared to the awake st4rinc state (20) suggcsting a

¡nore uriforn vcnLilation distribution clurirrg anest]rcsia. Ilolever it-r

the atraesthesia stuclies mechanical ventilation was uscd both in thc

awake a:rd the anaesthetized situation. I{echanical inflation of an a-

wake r.nparalyzed persoll nay not l¡e totally corqlaraìtle to voluntary

inflation. All our studies were done rvith voluntary inflation ancl de-

flation, so perhalts thc two sittrations arc not conrpararble .

Another clinicai clisorder which altcrs lung :tirnction analogous

to drcst-strappirrg is kyphoscoliosis. l)aticnts rvitll ìqryhosco1:iosjs

have reduced FRC and VC, but nornal RV (9,I0,32')". Slight uneveness

of the clistribution of inspircd gas has ìrccn shorn'n in kl,phoscoliotic

clrilclren rvho demonstrated an increase jrl the slope of phasc III (sz).

Iìcrgol.sky in 1959 (ll. ) shoivccl inc'.rcrsccl 1,ung rccoii in lgryìio-
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scoliotic a.lults, toget]rer rvith a nìarkecl recluctio. in c(st) (rr,3z).
A sintilar reduction rn¡as for.urd in cly,namic conplì-ance (II,3Z) and t¡e
latter was not frequency clepencient (11). In tl-re chest-restriction
studies of both caro, Butler ancl Dullois (12) and stubbs ancl LIyatt (14)

d;Tramic conrpliarce rvas foturd rerluccd cìuring stïapping, but rvas not
frequenry depenclent

ln a .l¡ttcr sttlcìy on ach-rl.t ìi,v¡rltost:r-rI io1 ic ¡r;rtic.¡ts, lìcrgofsìty

demonstrated th¿rt a five ninute periocl of intermittent positive pressure

llrcnthÌng ¡rt 25 cilt IIr0 llrorìucccì a 701 inclcasc in dynuLn:ic corr¡r1ia:rcc,

lvhich was sustainc<l for 3 hours. l-ìccausc IrlìC changccl little, they
llcl iovcd tlllrt fhcl cl¡lcttirrg of ¡rlcvioLr.sly closr:rl rir.wrrys ,u,,.i ,,,, L¡rliìroly
cxpre'ration for thc incrcase in cc.lyn ( i) ,. .Il-icy sl;ccufatcd that thc
ritrgc cltiutgcs in cclyrr could bc cluc tc¡ r'coricrrtatiorr ol- surlacc Iorccs,
producecl l¡y an alteration of surface active agents or by a cira:rge in
geolìlctric cortfiguration of alvco]i. '.this ex¡rlanation had becn used

by Meaci ¿urc1 collier (33) who showecl much grcatcr chaurges in lu-rg conÌ)-

liance tìr¿ur in FRC in rtorrnal aninnls when the lr-.urg was ciefiated a'cl
reinflated' Bergofsþ (9 ) also examinecl NfliFV curves Ín kyphoscoliosis

patients ¿urcl found that at low h'rg volunes they were convex to the
volune axis suggesting a clecreasccl concluct¿ncc of more perip¡eral air-
ways (5,7). After hyperinflation therc r,vas an increase of flow at Lo'
lurg voltilrcs. iJccausc this irrprovcrìrcrìt rv¿Ìs associ¿rtcd with t¡c posr-
hyperinflation increase in lirng conrpliance ( g ), it was not attributable
to ircrcasecl hurg recoil, stïorgly suggcst.irig a crccrease in Rus (g ).

It is interestit]g to note that itr 1961 Caro ancl, DirBois stucliecl a
groq) oF yourg k¡rìroscoliotic patìcnts arcl fou'cr that tricir prcssurc-
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volunìe curves \^/ere not dissimilar froln normal (32) . Mcasurcmcnts of

the elastance of the thoracic cage sholved it rvas either equal or just

sliglrtly less than normal (32). The rigiclity of the chest cage appears

to be a late complication of the disease and it appears that it is only

rvhen this distensibility has decrcased that static rccoil presssures

of the lung are grossly affected (11). I-lowever, thougìr chest iva11

nìcclìíìrì ics rrlcl'c ncal nonual. 1n youn¡¡ ì<¡.phosc'.ol j ot. ics , hrne colrpl i ancc

was reduced (32). This reduction in compliance rvas thought to reflect

decrcasccl lrrrg volurìre as opposed to incrcasecl elastic rccoil (32).

Mren llergofsþ and associates combined both no¡nal and þphoscoliosis

rosults tirc-'y loturd lt st-rttrtg I irtcll corrc.lrrt ion ìrctrvccn cornpIilutt-c lrnc]

vc (rl).

l{ib cago rcstriction appc¿rfs analogorrs to lty¡rhoscoliosis, both ro-

ducing lung volumes, increasing elastic rccoil of the l.rng, and decreas-

ing static and dynanic complia.nce cc1ually. Dy'narnic cornpliancc is not

frequency depenclent in either situation, nlthough an increa-sc in lìus

has been indicated in both. During both rib cage restriction and kyph-

scoliosis a sliglrt increase in the uneveness in the distribution of

inspired gas i-s found.

Clinical represcntations of abdominal restriction, would logical1y

be situations in which there is a reduction in lung volume clue to a

cephalacl displacerlent of the diaphrattn, as in pregnancy and obesity.

During pregnancy there is a reduction in the FRC but no reduction

in the vital capacity (34,35,36). Closing capacity (34,35) and comp-

liance (36) are unchanged in prcgnancy. Gee et al (36) postulated that

i)regnancy clicl not constitutc a true restriction of: cliaplrragnì rnovcmcnt,
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since the VC was urchangecl during, mcl altirough thcy foünd a large

increase in ainvay co¡rducta:rce corììparable to that demonstrated by Caro,

Butler and DuBois (12) they felt the analogy betrveen pregnancy and abdom-

inal restrictj-on was inva1icl. They speculated that the decrease i¡
airways resistance fou-rd (50% below nornial) could be due to modified

bronchomotor tone clue to metaì¡olic factors (increasecl progcsterone,

cortisone zurd rclatcd steroids, rclaxin) (36). Ainvay conductance

increased progressively an<l returnecl to normal by 2 months postpartr.m

(36). Il, thc jncreasc wcrc cluc to volurnc rcstriction, onc lvoulcl crlcct

It to bc rcstored to normal valucs imrccli¿rtely following postpartun.

Cltangc-'s citrt'ittg prcflniìììcy ilpl)cíìr to bc rhrc norc to urctalloli0 l-actors

than cluc to volunc rcstriction.

l-:xtrc:lnc obcsity is associaLcd wj th rorhiccd jr-uig voluncs, iurd un-

likc prcgnancy is not accornpaniccl by horrnonzrl chat-rgcs. Many workers

havc lotutrl Iìl{C to bc lowcr th¿ur nonttal clLrling obcsity, ancl lx rcsidual

voltmc cither rises or is r-inchangcd, thi.s is cluc to a rccluction of llRV

[37,38,39,40). 'l]rere l{as an abtronrally large clccrease in FRC when ¿n

obese subject changecl from a sittíng to a supine position (39,41), and

FRC was further reduced with anaesthesia (4i). Douglas and CIrong (38)

for:nd that VC was in the normal range, whcrcas Rochester and workers (37)

for-utd that the vital capacity was clecreascd with obesity, and others have

sqrportccl this fincling (4I,42). lhc respiratory systcilr clcmonstratccl incrca-

sed resistance (42), increased inertance and decreased conpliance (37,4I,

43) in obesity. Although ltnrg cornpliancc cloes clccrease (37,4I,42) in

obesity, the chief factor responsible for the recluction in compliance of tlre



total rcspiratory system in obesity is thc reclucecl conrpliance of t¡c
chest lvarl (41,42). Sinilarly, the clepressecl srope of the pr.essuïe_

volune curve of the total respiratory system in the obese is clue almost

entirely to tire decreasecl's1ope of the chcst wal1 pressure-volulne curve

(47,4¿). Pressure-voh¡ne curves of tire lrng c1o not significattly cliffer
from normal (38,41,42) ancl mcasurcments of elastic recoil arc within
nonlta I l ini ts ( iS) .

Thus j-t appears from a review of the relevant literature, that
whcn rcclucccl lr-urg volurttcs arc prcscnt with obcsity, t¡e static:nec¡¿¡-
ical charactcristics of the lung are analogous to thosc foun<l clurrng

¿rbdorlinlr l. r'cstl.icti olr.

lvhat causcs the changcs in clastic propcrtics of thc lu¡g scco¡ci-

aly to rib cage rcstriction? i)ulnnnary vascular cngorgement seems ar1

ur1ikel1' explanation as in¡nersion fails to alter mcasurcrnents of either
lurlg rccoil or lung conr¡rli¿urce in the sanc rullrì.er as rir; cage restriction
(1Ó). Also Caro, Iìutlcr ancl Ilullois (12) l'oi-rncl a¡r increase in vcnous

pressure of onry 1.2 cnl IIru whrch was slight in contrast to the stucly

of Bondtrrant (++,1Ò who increased centr:a1 venous pïessuïe by 2s cm l-lr0

to obtain a 25% reduction in lung complia:rce.

1he cha:rgcs 01- the pressure-volrnlìc cì.ìTVe ancl li,lElV curves lve ob-

served during rib cage restriction carnot be attributecl to the ¡ystere-
sis known to cxist in thc ai.rways ¿urci thc lung, as j-n all cascs coriql¿ri-

sons were rnade betrveen partial maneuvers initiated at the same lung vol-
umes. Caro, Butlel and Dul3ois (12) suggestecJ flrat rib cage restriction
either produced ainvay closure ancl atelectasis, or an alteration of the
clasti.c char¿rctcri.st-ics of tirc lurg ti.ssuc oï srrr-f;tcc l,irritrg l--i..i¡r.
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They supported the air"way closurc theory zrs they fourcl sone eviderìce

of trapped gas in their subjects follorving the release of the c¡est

strap (LZ). In 1968 Burger and lr{acklem (13) studied subjects volurtar-

i1y brcathing at low lurg,voh¡nes. lttren the subjects breathecl air at

loiv lurg volutttes for some minutcs thcrc w¿ts a shl ft of t¡e pïessurc-

volune cun/e from the normal, ffid when thc air was replacecl by o:tygen

th:is shift rvas ìtìorc cxlggcr-atcd. 'lh:is thcy fclt aclclcci supllor-t to thc

theory that ateiectasis was responsible for the shift of the pressure-

vollnrc curvc rvhile brcathing 0r, but it l-¿rilcd to explain the oiscre-

iÉncy of the air brcathing curvcs fron normal. They founci the sliift
ol- tltc'oxygclì br.'cathirtg curvcs r^/crc plcìscrrt only rvhcn tlrc surltjcct rvas

breathing witli a ticl¿rl volunre of JIV + 750 nrl. wlicn thc ticlal volunc

lvas lìV + Ì000 ltil tllc lcsulting prcssul'c-volunc curvc was sirnilar to

control. lìron this they concludecl that ¿lbovc RV + 750 ml essentially

all ainva¡,s are opcn (13). lioivcver, in orLr stucly our subjccts were

continually breathing at volutes above RV + 750 nìl, and wcrc also gc¡-

erating transpulmonary pressures greatct. than those estirnatecl to open

closed airways.

A subsequent study by lvlanco and l-þatt (25) failed to cletect trap-

pccl air cluring chest rcstrictjon ìn cight out olr tliirtccn subjccts. Jn

those exhibiti.ng a sma1I amor¡rt of gas trapping, no correlation was

fot¡ncl ltctrvcc-'n thc ¿mloturt of- trrr¡rping ancl llrc scvcrity of'chcst rcstljc-
tion, whereas there hras a positive correlation between increased

rcstricti.on ¿lrcl incrc¡lsecl recojl (25).

If ail'way closure and atelectasls occurreci ciurìng rib cagc rcst-
r:i ct io¡1 , i t tvottl cl bc rcilsonab.ì c to c-.xllc.c-.1- rr tlcc l^casc in tlic l-clß:i.ollll l



ventilation of flre dependetÌt portions of thc lung rvhere ainvay closure

is thought to occur. sybrecht et al (15) fourd no changes in regional

ventilation of the luirg, and postulated that there l,ras no increase in
airway closure, but that the reduction in lung compliance seen with rib
cage restriction lvas equally share<l betrvcc-.n all portions of flre lung

LlJ].

fulintal stutlics ìt¡tvc l'irilcrl to corrclrlc ít rcdrrctiolr in lrurg contp-

liance with atelectasis. lvilliarns a:rd co-workers i46) in a study of
¿uracsthctizccl paralyzccl rabbits ¿ncl nclbonl lalùs founci largc reciuctions

in lr-rng compliemce (53? tnd. 40e" rcspcctivcly) folrowing 20 minutes of

IttccllatlicuI vctlti]lltion rIt. Lt corìst¿LrrL tidirL volr-unc. 'l'lrcy i'oulrcl no cvi-
clcncc of trappccÌ air, .urcl nrorphonlctr,ic stucli.cs siiowccl patcnt a-irways.

YoLltg, 'l'ict'ncy ¿uicl CLotttcnts (47) hcJ.d l.rcslrly cxcÌsccl llit lurgs at 3

^ñ, I.l n +'^ìr^^,,-1 ,,,^^..*-cJlr llzu tralìspulnìonary pressure and founcl a 42ea rcduction in lLlig conp-

li¿r¡rce after 20 ntiitutes. 'I'he lungs wcrc then cluick frozen with liquid
propare anci histological exarnination revc¿r1ccl no cviclcnce of airway

occlttsion, atelectasis nor changes in the configuration of the alveoli

a¡rcl alveolar ducts (47). TLey repeated thc experiment with a saline

filled 1ung, thus elïninating surface forccs, ancl for,urd no change in
luurg conpliancc .in 20 Inint-rtcs. 'lllu-s tìrc corn¡rliiutcc clccrcnsc, t¡cy

reasonecl, was probably not duc to changing tissuc forccs. Further

a:rjl¡nl stutlics showccl tli¿rt thc clcc:rclsc in corrrpli¿r.rrcc is prcsc-.nt plior.

to any evidence of air trapping, atelectasis, or shi-nting (s3,48,4g).

Tirus fron the aforenrentioned stuclies it seems like11' that ainvay

closure ancl atelectasis are not the main nechanisn operative cluring rib
cage rcstriction. Trc cvicicrlce prc-scnt ilr thc I jtcriìtl¡rc sccnts tnoïc to
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favour ¡ur alter¿rtion of surfacc forccs rvithin tJre h-rr g. Intlced Ticrncy

has show:r tvith studies of lung extracts that conrpression of the surface

is associ¿rtecl lvith a pronìpt increase irr surfacc tension (s0).

During both ab<lontinal ancl rib cagc r:estri-ction a recluction in

lung conrpliance was four<l. Decreased lung conrplialce with low h-urg

volume breathÍng has previously been fou-ld both in hurans (sr,sz) ancl

il ¿r:rinlals (4ó ) a:rcl has been attributetl to a:r alteration of surface

forces within the lung as previously discussed. studies on both k¡pho-

scoliosis patietrts ard ol¡ese subjects havc revealecl tirat the reductiotr

in conrpliancc sholvs a sti:ong correlation to the vital capacity (11,41,

4¿) arcl thus the rccluction ín conpli.ncc l'ourci during both rib cage

ancl abdomi¡al rcstriction can probably lte attributecl to thc clecreasc in

lung volulrtc. lhe alvcolus cannot naintain a 1ow surfacc tension for

long rvitùoLlt occ¿ìsional largc inflatiolrs rvllich rcplcnish thc surf¿rcc

with surface active lnatcrial. Thr.rs maintair-ring abnor^mally 1ow lung

volulnc-s, as clur":ing rih cìírflc alrcL al)cloìulnírl rcstrtctlon, 1círrl-s to ¿ul

jlcrease of surface tension, and as a dircct consequencc, a rccluction

oi'ltutt cotn¡rlitu'tcc. Iìcccnt:in vivo rvorlr of'Srùrrlch, Cocr^ìic tlucl Clclllcllts

(53) clocs not support this thcory howcvcr. 'lhcy ob-scrvcd tltat tþc

sttrfilcc tclt*siotr o.f'rltt ltutgs in situ clirl irrclccd rc¿rclr vcry ìorv v¿r1ucs

at IìRC, but rcnainccl stablc whcn llctcl at t.hÍs vol.¡.¡nc for a 30 nrinutc

llcriod. 'lhcy dici ttot, holvcvcr,clo cxpcrirncrrts ¿rt lung volr.urcs lorvcr

tha:r FlìC.

0r:r stucl¡' docs not inch-cate thc c¿ruscs of the changcs ive observed

during cithcr rib cagc or abclorninal Testrictj.on. ilowcver it cloes incli-

cilt,c tllat, clo¡tcttclì.ttg ort t'ho f onn of rcstlict joll utilj zccl. tllc altcrations
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of lung function differ, and thelcfore cairìot be ascribcd to lorv h.rng

volune breatliing per se.

During rib cage restriction both elastic recoil of the lung and

naximtrn expiratory flow at,low lung volumes increased. However at a

given elastic recoil pressure, Vmax was less than during rib cage resr-

riction than during a partial naneuver, indicating an increase in Rus.

Alternatively abdominal restriction prochrcccl tlie sane change in h.rng

volurnes, md increased maxjmi¡n expiratory flow at 1ow lr.rng voh¡nes, but

there was no corresponding Íncrease in elastic recoil. This indicates

a decrease in Rus during abdoninal restriction. The difference between

thc two statcs:is also attcsteci to by thc. f-incling olì lcss tlr-lcvencss

in the clistribution of inspircd gas during abclominal rcstriction comp-

arccl to lil: cagc rcstliction.

Thus, lung volume restriction inclucecl changes in lr-urg function,

but thc rt¿rturc of thcsc cha:rgcs dcpcnclccì on liolv tìlc rcstriction was

applied and not on the degree of volume restriction. We are unable to

cxplain this fincling, but suggcst tllat it rniglrt rclatc to lung distor-

tion. In the present context lung distortion can be defined as a

chaLrge in lung shape resulting from forces rvhich are unevenly applied.

When an excised hing is inflated it is not distorted: both alveolar

ancl "pleura1" pressures are unifonn. Sincc in tltis conclition the lung

is alloived to find its own shape, the cncrgy (prcssure) needed to inflatc

ít is minimal. However, when the lung is distortcd, that is it carlnot

freely change shape because some dimension is constrained by an unevenly

applied force, some energy ¡m-rst be utilized to change tl're lung shape

to fit the external constraint. Thus, inflation of a distorted h:ng

will demand nore pressure than similar inflation of a¡ undistorted
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lurg. Itr thc norntal thorax lungs arc ¿lnl)írrcntly rclatively unclistorted

since pressure-volume curves of luu-rgs in situ agree well with excisecl

hurgs (54). It is very 1ike1y that rib cage rcstrictÍon caused lr'urg

distortion. TLe rib cage was comprcsscd in its antero-posterior dia-

lnctcr lnore thÍìlì in its lateral cliarlctcr, Ðd no cotqprcssion rvas appliecl

to the diaphragmatic surface. rf the distortion weïe severe enough,

PL rvoul-cl bc irtclc¿tscd at a givcn luurg voJ i¡no antl l¡ccausc of tliis ln¿uti-

mun flow increased. In addition, such clistortion would not effect all
lurg Lnits in tìtc sdlìc IV¿Ìy ancl bccause oJ this lìus rniglrt incre¿xe ¿urd

the distribution of inspired gas l¡ecome more urleven. Thus it is pos-

sil¡lc tltat scvcrc luutg tlistortj.on cr¡uld ¿rccoult Ior thc clra.rtgcs wc

observcd cluring rib cagc rcstriction.

I)uring abciolttinal rcstrictrotr, Iung chstortiolt prolrabJ.y was lcss

than cìuring ril> cagc rcstr-iction. Kotuto ancl lr,lcacl sholvccl th¿rt lvhcn thc

abclonren was volurtariJy conrpresscd, tl'rc rib cagc expancled in a uriifornl

f¿lsltiolt, tltat is a]1 chartgcs in rib ca¡ic clincnsions r^/cl'c proport.iontl

to the original diniensioi'rs (55). This is a:rother way of saying tirat

titc sltirllc of thc rill cagc c:hlngccl littLc.. Ihrs lf- clrmgcs in cl¿rstic

rccoil during rib cagc rcstriction wcrc cluc to clistortion, onc woulcl

cxllcct ltttttll sltutl lcr clutnllL's \vitir lrlttlolllilrrrl. r'cst.r'.ict.Lolr. |urtlrc-.r', olt(-.

rnight cxpcct aly clistortj-ort cluc to ¿rbdolrrjlt¡rl rcstriction to bc nrorc

cvctt-ly clis tr'.il¡ulctl , lviticlt rniglrt ¿rccoLurt. f'ol t]lo lcl¿rtivcly fla t p[asc

III anci normal lìus obscrveci in this condition.

'lìrc ¡tloblcltt of cour-sc ivitlr tlic d:istortioìì ¿ìr'elùììcnt is that chiurgcs

in clastic rccoil pcrsistccl aftcr tlic rc-strÌcting f'clrcc was rctnovccl.

ìVìrCt.llcl'tllo 1ttttl¡ "t'ctttclttlrcfs" rlist'ort-iorr ot'tìof i.s lt<-tt l<norvrr ltut it is

di.ffictllt to scc hr;w it coulci llc in 1-lrc irlrsc¡rcc <>f .sur[;:cc tc:lrsion
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clìalì8cs. lk¡lvcvcr thc hypothcsis is tcstjblc. 'l'c i'flucncc of
distolti<-ltr olt tllc cl¿-rstic t'ccoiL of isorlrtcd rr-urgs cun be stutlicd ¿urd

more particularly, if distortion increases elastic recoil .ne can

assess rvhether the increased recoil pers:ists after the distorting
force is removed.
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V APP]JNI)IC]]S

1\PPIINDIX I Prcliminary Experincnt

Al)l)nNI)tX Tl Strrtistical Anrrllzsiç,



.A,p¡rcnclix I.

PrcI irninary lj\;clilncnts

Mcthods

Four healthy nrale volunteers (3 snrokcrs) agecl zz-44 years weïe

studiecl under three conditions: unstrappcd, abdorncn-strappccl and

abdoninal equivalent rib cage strap. 'lhe abdonrcn u/as strappecl by

placing an pneunìatic cuff arourd the abdomen, held in position by an

inextensible canvas corset, which was nranually tightened while the

sr.:bject breath-he1d at RV. The cuff was then inflated to not less

than 60 mü9, and was maintained at this pïessuïe throughout the study.

Abdominal-equivalent. rib cage-strapping was olrtairrccl by manually

tightening the canvas corset arou¡rcl the rjb cage until the rccluction

jn TLC IV¿ìs conparable to that seen during abclominal rcstrictío¡.
In each subject lurg voluunes, cleflatiolr static pressure-volune

(P-V) ctffvcs oI tlrc l,tutg, MIì|V ctn:vcs ancl closing volr-unc curvcs rvcl'c

rneasurcd while unstrappcd (control) ancl cluring abdoninal anci abcioninal

equivalertt riì¡ cagc strapping. During thc urstrappccl state, tnancuvcrs

generating deflation P-V curves a¡rd lr.{EFV curyes were initiatecl at B0%

vital capacity (partial), as well as at total lurg capacity (controls).

Thus data acquired during abdominal strapping could be comparecl to

nlaneuvers in the urstrappecl state wirich bcgan at the sane lu:rg voltlne.

All the above paranetcrs i¡Jere measurccl jn tÌre sa.nrc fashion as clcscribecl

in the previoris nethod section.

Results

The effects of

seen in 'fablc 7.

'I'LC of 201;, iucl

strapping on the subclivisions of lutg vol,une cal)

Abclonlinal strapping ¡rrocluced an overall_ rcductiolt

irr l;llC of 27'à. ,4. silnilar clccrcase in 'I'LC was sccn

be

in
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with the abclominal equivalent rib cage strapping, nanery 19%, br-rt

FRC rvas decreased by slightly less (1óeó). lloth restricted TLC's lvere

significantly decreased from control (p .0.05), whereas FRC and RV

were not significantly different frorn contTol in either case. In all
subjccts neithcr fonlr of strappin¡¡ sigrriticantly displacecl the static
cleflation P-V curvc from that of thc partial naneuver in thc Lnsrr:rnnor'ì

statc (figtrrc 15).

MLF'V curves for all four subjects c¿:r bc secn in Figurc 16. Values

of clastic rccoil (Pl) taltcn at 50î; control 'l'LC, iurd static con¡rliance

(cst) measurecl over thc intcrval 50% control TLC + 0.5 liters are

listocl ill 'l'lrlllc 8. lrlcrarl rccoil l)l'ossrlro in circll conrlitioir ,lici ¡rot

diffcr significantly frorn cach othcr, -sirnilarly thcrc was no systernatic

cìr.utgc itr lltcasurcci static cotttilliancc. l)uring botll strappcd conclitions

mean Vmax at 40ea control TLC did not cliffer sígnificantly from control

or partial valucs.

Conclusion

Abdoninal strapping failed to cause the increase in elastic recoil
or nlaxinun cxplratory florv normally associatccl with chcst strappi¡g.

Flowever, strapping the rib cage to a conparable volume dici not appear

to altcï thc cla-stic rccoil of thc hurg cithcr. Fron this it was con-

cludcd that the leve1 of restriction procluceci here was not sufficient
to cl'f'cct ¿¡n al.tcration itr rcco:il.

TLus in order to study the effects of abclominal strapping ít seemed

llcccssary to adopt a rìore scvcrc fonn of restriction. This was achievccj

by applying all abdoninal strap while simultancously preventíng e4pansion

o;f thc r.ib carc.
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.Appendix II.
Statistical Analysis

Definitíon and lanation of Statistical lvlethods used.

Mean = f, = rX where N = No. of observations
tl

standarct ¿erüation = s.D. :Þë - Ð z/rN - t}t,L. f \.. -J
Variancc = 52 = x(X _ Ðzl(N _ i)
Stanciard Error = S.E.M. = S.D./JN

To test for differences among tire rneans of tire two or more groups,

an analysis of variance was performed. This analysis requires estimating
the populatíon variance in two ways, ancl then conrparing these two

estimates. The two estimations usecl are (a) a clilcct compr,rtation of the

variance of the mearLs multiplie.t by samplc size anci (b) a poolecl estimate
of tìlc vari¿lr-rcc or= scparatc grou¡-r.s. ,As cstirnat-io' ta) is rrasccr o.
between group variance, ancl estimation (b) on within group variance, if
tltc lttcans oI thc gì'olll]s lrc gÏcatly c'li [[c.r'cnt, tlrcn c-'stinntion (ir) rvi11

be rnuch larger than estimation (b).

Ironnulac usccJ: -

Let thc 1st subscript refcr to thc

script rcfcr to thc ol¡scrvation. c.g.

group i.

Lct thcir bc K groups, jì. obscrvatjotÌs pcr groLlp.
kLet the total number of observations be N = | ,r.

I nf Y lra f l.a 'l'I -.^^- -- r ì¡ I,rr 
^++ uc uhe overall nìcan, ancl Fi* Llc the nrcan of group i.

?
s-, = Mea¡ souare between group = Sums of squares betrvcen'i D@

k
- r n- (X-= -N..)2

ì--ì 1 ' 1+ ++'
f-a

group numbcr an<l the Zncl sub-

*,j is thc jtìr obscrvation oI

'1.. -r

N-l
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Mnrn .-,,"--^ r.¡i +l''i ^¡.rvq¡ J!iLt(ttu wr utftl groups = Sr'Þ_gl_jItlg5: ln rhin gror,rps
ì)cgrccs ol- l;rcccloltr

- 
aa 7V

- LL t,\..
I I -J

)
I+'

N_k
If the groq)s are fronì populations lìaving rn'ìcqual nìcans, thc tnean square

between grot{ps will usually be consideïably larger than the estimate for
tltc ntcan sqt¡iìt:c lvithin gïoups. t{c wish to rcjcct tirc h¡tothcsis of equai

flìeans if the observed means are significantly more clisperse than we would

el:pect whc:-r thcy arc a1I obt¿lincd fronr thc salne population. lhe test

statistic uscd is thc F ratio, the ratio of the mcan squ¿Lre betwcen groups

to tllc ìttcriltì .s(luiìl'c rvi[lrin grorrps, irrrtl tìro lry¡lotlrcsis of crlr-xrl ncalls js

rcjectccÌ if the value obtained exceccls thc critical- value of the lì tablc

for ]t-1 ¿tllcl ):rìi - li tlcgrccs ol l-r'ocdorn (lìtr.¡ . l;ol' this tcst to bc valicl

the assurrption that the observations aïe ranclonly selcctecl from norrnal

populations lvitù ìronrogcncous vari¿urcc rìtr-st bc s¿-rtisficd.

Ilontogcneity of variance h/as testcd ¿rs an a¡rproxlnatjon of Bartletts

test F7r58) using X2 as the test statistic. if variances rvcre not honro-

geneolls, thc observati.ons r^/cre transfonlle<l so that this assulrption was

satis fied.

If tlre h1'pothcsis of cqtral nìcans was rcjccl.ccl, onc of tivo tcsts of

multiple comparisons v/as enrployed to mal<c pairwise comparisons.

(i) Tuì'iey's tcst, wh.ich conpaïcs thc ranpc of thc nìcans to the nrca¡

square within groups. The test statistic r.rsed is q = Xnr. - &. , where

Sp Vtt
n = sanrple size per group. Tre h1'pothesis of equal means is rejected if
the calculatcd q exceecls the critical value of q with K = No. of trcatmcnt

nìcíllls, lttltl N-l< clcgrctcs of- f-rccclon obtrilrc-.rl fl.onr thc cljstriltr¡tioll oI thc

St-uclcnti z.ccl rangc .st.at ist ic (.59) .

2S_p



(ii) Dunnettrs

test statistic used

-79 -

test for cornparisons involving a control ilìcarì. rhe

-L5 L-_ - = Å. - X[iÀlrnettj --t '-control

The hypothesis of equal means is rejected if the calculated t¡u,o*"tt; ex-

ceeds the critical value of t with k treatnent means exclucling control

tk-1), and N-k degrees of freedom obtained from the table of t for one-

sided corrparisons between (k-1) treaûnent neans ancl a control tb() ) .

Statistical Results

The critical value (") taken for all tests was at the 0.0s

Thus when valucs have been statecl to be statisticnlly ciiffcrent,
saying that tiris would occur by chance only g16 of thc timc. All
results aïc prcsented in the following ma:rner:-

Section. Experinlental Stucty.

List ol_ tt'caüuctìt 1cvc1s, or groLrl)s.

Nurbcr of gror-rps (k)

Nt¡1il¡er of obsen¡ation per group (n)

Total nurrber of obser-vations (N) =

Sub- section.

1eve1.

Ìrr^ a Ta

s tatistical

tn-
I

\r_/

Name of variable being conÐíìrc(r bctwcc' trcatrncnt lcvcls.
Bartletts test for honogencity ol variances.
)

^ = x' [r,t; o= o. o5 =

DF=

Transformation information if applicable.

(ii) Analysis of Variance.

Il=

If the F ratio is sjgni:ficíl-tt,

lì(k-1,Ini-ì<) s = 0.05 =

ollc o.f' tjrc following multiplc

¿-G!.)2
n
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comparison tests will be presented. Only significant comparisons have

been reported.

(iii) Tukeyrs test

Conparison perfonned q = (k,Ini_k)c, = 0.05 =

DLrmettts test

Conparison performed tD = (k_l,[n1_k)q = 0.05 =

Section A. Prcl.ilrúnary J:xpcrintctìts

Gror"p (i) Control, (C)

Group (2) Partial, abdomen (p4)

Group (3) Abdominal equivalent chcst_strap (tìC^)

Group (4) Abclonrinal strap (AS)

k= 4

n=4
N=16

A1 TI,C

(i) X2 = 3.601

DF = 3 X2(3,o = 0.0S) = 7.81

[ii) F = 4.548 Ir(S,lZa =0.05) = S.49

(iii) 1'ukey's resr

C: lì q = 4.400 t¡(4,IZa = 0.05) = 4.20

C: AS q= 4.269

C:\O=4.106
A2 ¡RC

(i) x2 = r.7zl
IJF=3 X?(S,cr=0.05)=7.6t

(ii) ll =1.892 tr(J,12a=0.0$)=3.49
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(ii)

A4 Pl

(i)

A3 IìV

ii) X2 = 2.615

DF=3

F = 0.050

_ L. LL+

-3
= 0.037

X2 = 4.709

l)lr = 3

F = 0.778

xz i3, o

F(3,72 u

,,2, -,\ (J, 0

F (3,12 o

x2¡3, ,,

Iì(3,11 o

0. 05) = 7. 81

= 0.05) = 3.49

0.05) = 7.81

= 0. 05) = 3.49

= (.). 05) = 7. 8l

= 0.05) = 3.59

?
It

t)F

F

¡\)

If I I

Vnurx

Lr.r-,

(i)

^0 
C (-s t)

X2(S,a=0.05)=7"81
As the means of the groì-Ìps vary pïoportionally with their stanclarcl

deviations, a 1og transformation was performed on the clata to endeavoï

to reduce scatter, to allow the assrunption of homogeneity of varia¡ces

to be satisfied.

)(i) X' = 9.472

l]lì = 3

Follolvitrg 1og trans lìomati,on.

(i) X2 = 5.950

IIF=3

tii) F = 2.943

X2(5, a = 0.05) = 7.81

F(3,12:G=0.05)=3.49
Section Il Inmersion Eryrerimcnts

Group (l ) Control iC)

Grorqr (Z) Rib cagc restriction (RC)

crou¡r (3) Iìib cagc rcstïiction whilc i.nmrcrsccr (RCI)

K=J
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tl -

NT_ll -

T'T l-

li \
LI -/

(ii)

PL

(j)

C: RC

C: RCI

s.447

7.376

4

I2

B1

(ii)

(iii)

I}2 FIìC

(i)

(i i)
lf ra I

(ii )

LrrrJ

?X- = 2.987 t

llF=2

r' = zo.15l.

'l\rìicyr .s tcst

C: RC q=9.027

C: lìCI q= 8.677

?
/\ = 4.J5/

DF=2

= 14.63.1

Tulceyr s tes t

x2 (2, 0

lì(2,9, a

x2ç2, o

iì(2,9, u

x2ç2, o =

ìr(2,9, o

xzçz,o =

F(2,9, u =

0.05) = 5.99

= 0.05) = 4.26

0. 05) = 5. 99

= 0. 05) = 4.26

0.05) = 5.99

= 0. 05) = 4.26

0.05) = 5.99

0.05) = 4.26

c¡(3,9, 0 = 0. 05) = 3.95

n=Y

q=

q(3,9, 0 = 0. 05) = 3.95

83 RV

(i)

B4

?
Ã = | ilt \

jì = 0.148

?
X- = 5.589

UL'- L

F = 4.519

Dr¡'rrettrs test

C: lìC tD =

C: RCI tD =

2. 5BB

2.619

rD(3,9, o = 0.05) = 2.1.8
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ll\rkcyrs test

RC:RCI q=0.044 q(3,9r 0 = 0.05) = 3.95

85 Vrnax

2(i) X" = 3.499

DF=2

(ii) F =2.949

(ij_i) 't'ukeyrs tesr

RC:RCI q=1.878

86 ç_(r!)
')(i) X' = 7.633

X2 (2, q, = 0.05) = 5.9g

As the means of the gïorlps varíccl proportionally lvit¡ thciï stanclaïd

deviations, a 1og transformation was perforned on trre ctata.

I;olloiving 1og trans fonlr¿tti on.

(i) X2 = 5.j94

I)F=2

(ii) F = 12.738

(iij ) Dr.ultctt f s tc-'st

C: RC tD = 4.541C: RCI tD = 4.179
tD(2,9, d = 0.05) = 2.IB

'l'trì<c1rrs tcst

RC:RCI q =0.0512 q(S,g,d=0.05)= j.95

Section C Reportecl Stucly

Grotrp (1) Control (C)

Group (2) partial (p)

Groqr (3) Iìib cagc rcstriction (RC)

(ìr'ou¡r (4) Âbdolnj niLI lcs Lr.j ction (^l'ìD)

Dï;=2

X2(2, u = 0.05) = 5.99

Iì(2,9r 0 = 0.05) = 4.26

q[3,9r0=0.05)=3.95

X2(2, a = 0.0S) = S.g9

F(2,9, 0 = 0.05) = 4.26



- Í14 -

^-t

n = B (n was chosen as 8, by r;sing results of previous experiments

to determinc an n such that at q= 0.05, the pol{cr of thc test woul¿ bc

greater than B0%, and thr-rs'minimize the risk of making a T1.1pe II error).
N= 32

Cl TLC

a
(i) Xo = 6.348

DF=3 X2(3,q=0.0SJ=7.gt
(ii) F=77.802 p(3,28,a =0.05) =Z.9S

[íii) Tukey's test

C: P q=t7.4BI 11(4,28,0=0.05)=3.84

C: RC q=18.298

C: Alli) c1 =17.053

r-) IìDa

a(i) X' = 9.653

DF=3 XZ(S,a=0.05J=7.g1

As the means of the grotæs varied proportionally ivith tþeir standarcj

clevi-ations, a 1og transfonnation was pertornecl on thc clata.

As Controls and Partial values were the sane these were used as one

gïoLrp (k = 3, n = B) .

Following log transformation.
?(i) X' = 1.490

DF = 2 X2(2, s = 0.05j = 5.g,

(ii) F = 38.383 F(Z,ZI, ü = 0.0S) = 3.47

(iii) Tui<eyrs test

C: IìC q = 9.353 c1(3,21, o = 0.0.5) = j.5B

C: 
^llD 

q = 11. 715
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c3 lv
)(i) X" = 2.804

DF=3 X2(5,*=0.05)=7.g1
(ii) F =0.426 F(3,28,0=0.05) =2.95

C4 PL

(i) X2 = I0.3BZ

- ).Dl;= 3 X'(3, o¿ = 0.0S) = 7.g,

As the means of the groups variecl proportionally with their standard

cler¡iation, a 1og transformation was perfonled on the clata.

Follolving 1og trans for¡nation
)(i) X'= .l-.487

DF=3 XZ(s, *=0.0s) =7.8r
(ii) iì = 5.286 tì(3,2gr o = 0.05) = 2.95

(iii) i}_u¡rettf s test

c: RC tll=3.917 tD(3,2g,a=0.05)=2.I5
In this situation, it would be more tcclmically correct to use the

partial run as the control, so further comparisons were done, elininating
the control run, md conrparing rib cage aitcl abclonrinal restriction to the

partial as a control.

Follorving .log tra.rrs fonnrti on

(i) XZ = 0.393

I)F = 2 X2(2, a = 0.05) = 5.g9

(ii) F =4.315 F(Z,ZI:0=0.05) =3.47
(iii) Dr_uurctrls test

P: RC tD = 2. 813 tD(z ,2), a = 0. 05) = 2.03
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cs rur
')(i) X" = 5.014

DF=3 X2(S,cy=0.05)=7.rt
(ii) F =4.548 F(3,27, q=0.05)=2.9U
(iii) DL¡rurctt,s test

c: RC tD = 2.704 tD(3,27, a = 0.05) = 2.I5

C: AitD tll=2.917

Using the partial as control, ffid excludirrg control in the conparisons.
.>

(i) X" = 0.838

DF=2 x2(2,o=0.05)=,5.gg
(1i) l: = 3. 09 7 tì (z ,20, e = 0. 05) = 3. 49

(iii) Ilunnettts test

P: lìC tD = 2.'t2B t:D(2,20 , o = 0. 0S) = 2. 03

P: ABD tD = 2.226

C6 C(st)
)(i) X' = 15.867

DF=3 x2(3, a=0.05) =T.Br
As the lrcans of the groqls variecl proportionurlly rvith thcir standarci

deviations, a 1og transformation was performecl on the cl¿rta.

Folloiving 1og trans l.olnration.
1(i) X' = 3.065

DF=3 X2(J,o=0.05)=7.gf
(ii) F = 13.958 F(3,28, 0 = 0.05) = 2.95

(iii) Dururett,s test

C: RC tD = ó.089

C: ÂllD tD = 4.77(t

tD(3,28, a = 0.05) = 2.I5
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Using the partial as control, and exclucling control in the conrparisons.

No 1og transfomation was necessary.
')(i) X' = 4.053

DF=2 ! xZ(z,s=0.05)=5.gn
(ii) F =5.984 F(2,2I,0=0.05)=3.47
fii'il T}rnnaflts test\rr¡./

P: lìC tll = 3. 381 7D(2 ,ZI , o = 0. 05) = 2. g,

P: ABD tD = 2.327

C7 Rus (r,rsing only groqps 2,3,4)
.)

(i) X" = 12.530

IJF = 2 XZ 12, cr = 0.05) = 5.99

As tire lÌìcans of tlie flrorrps varied proportionally with their stanclard

cleviations, a 1og trarxfonmation was perfonnecl on the ciata.

FolloivÌng 1og tran-s fonnation.
)

li) X' = 5.464

DF=2 X2(2, q=0.0S)=5.gg

tii) F =3.698 F[2,18,0=0.05)=3.55
(iii) T'rrì<cy's tcst.

RC: ,ABD q = 3.846 q(3,18,0 = 0.05) = 3.61

CB Slplc Si l']r,,:flll_ (rrsing onl1' glorr¡rs 1 ,3,4).
)(i) X" = 4.439

DF=2 X'(r,o=0.05)=5.99
(ii) F =8.060 F(2,21r0=0.05)=3.47
(iii) Trrlcey's test

C: RC q = 5.586 q(3,27, a = 0.05)=J,58

RC:ÂIlD q=3.(r7(r
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C9 Ç_tosing Capacitlos (tsing only gror_rp_s 1,J,4).
,)

(r) X' = 14.1¡8

DF = 2 x2(2, o = 0.05) = 5.9g

Recent rcscarch has suggested that Ttrlicy's tcst is not seriously

affected by clepartures from normality aril hotnogeneity of variances

when there are equal sanrple sizes (61). So although we have violatecl

tire assul4ttion of hontogeneous varia:rces, as vie have equal sample size,

we felt confident in doing a Tukeyts test on the data.

(iii) Tukeyts test

C: RC q = 1. 959 <1(3 ,2I o = 0. 05) ; 3. 58

C: Allll q=I.822

RC: AllD ct = 0. 61 7



- titj -

VI. I]IBLIOGIìAIìIY



-90"

1. von Neergaard, K.: Neue Auffassunger uber uinen Grundbegriff

der Atemnechanik. Die lìetraktions - Kraft der Lunge, abhangig

von der Oberflachenspannr.mg in clen Alveolen. Z. Ges. Exp. Med.

66: 373-394, 1929.

2. Milic-Emi1i, J., Meacl, J., Turner, J.lvl., ffid Glauser, E.M.:

In4xoved tccltniqr:c tol estjrnating plcrrral pressuïe from csophagcal

balloons. J. Appl. Physi-ol. 19: 207 -2II, 1964.

3. Patt1e, R.lì.: Propcrties, function ancl origin of the alvcolar

lining l.ayer. Naturc, L75: LL25-LIZ6, 1955.

4, Cicntcrtts, J.4., Ilustcilcl, R.F.,,Johlrslotr, Iì.P., rncì Gl-ilrctz, I.i
Pulmonary surface tcnsion ancl alvcolar stabirity. J. App1. Physiol.

l(r: 444-450, 19(r1.

5. Ilyat.t, ll.L., Schilcler, D.p., ancl Fry, IJ,L.: llclationship betwecn

nra.xirnuun cxpiratory ['row ancl clcgrco oI lurg inl,lation. J. Âppl.

Physiol. 13: S3L-336, 19S8.

6. l'ìry, ì).L. and ilyatt, rì.ì:.; fulmonary rnechanics. A unified
analysis of the rclationship between pressure, vollure ancl gas

flolv in thc lungs of nonnal and diseasecl huran 1ungs. Arn. J. Mecl.

29: 672-639, 1960.

7. Mead, J., Turner, J.M., N{acklem, p.T., ancl Little, J.B.: signifi-
ance of thc relationship between lung rccoil ancl naximurn cxpiratory
florv. J. Appl. Physiol. ZZ: 95-108 , 1967.

8. Macklem, P.T. zurd Mead, J. : Factors cletermining maximun expiratory

flow in dogs. J. App1. Physiol. 25: 159-169, 1968.



- 91

9. Sinha, R., and BcrgoFsþ, E.l{.: Prolongcd alteration o:f lung

mcclìanics in kh¡roscoliosi-s by positivc prcssure hyperinflation.

Am. Rev. Resp. Dis. L06: 47-57, 1972.

10. Affclclt, J.E., htrittenbcrger, J.L., Mcac1, J., ancl Ferris, B.G. Jr.:

Pulmonary function in convalescent poliomyelitic patients. II. The

pressure-volurne relations of tlic thor¿x and lungs of chronic

respiratory patients. New Eng. J. Med. 247: 43-47, 1952.

11. ì3crgofsky, l.ll., 'l'urino, G.ll. ¿urcl lr.Lslulan, A.l).: C¿rrdiorcspiratory

failure in kyphoscoliosis. Medicine (lla1t) 38: 263-299, 1959.

I2. Caro, C.G., Butler, J., and DuBois, A.B.: Some cffects of restriction

of chest cage exparìsion on pulmonary function in man: an experimental

stucly. J. Ctjn. Invest.39:573-583, 1960.

13. Burger, Edward J., Jr., md Macklem, Peter: Àirway closure:

demonstration by breathing L00e" 0Z at 1ow lung volluncs and

by NZ rvashout. J. Appl. Physiol. Z5(2): 139-148, 1968.

14. Stubbs, Samuel E., and l-lyatt, Robert E.: Effect of increased

1,,^^ -^^^:1rung recorr pressure on nraximal erpiratory flow in normal subjects.

J. Appl. Physiol. 32(3): 325-331, 1972.

15. Sybrcclrt, G.lV., Garrctt, L., ancl furtìroniscn, N.R.: Effect of

chcst strapping on regional lung function. J. App1. Physiol.

39(5): 707-7I3, 1975.

16. Prcfaut , C., Lupi-ll, Eulo, ancl Antiionisen, N.R.: Ih-anan lung

nìech¿urics cluring water irmersion. J. Appl. Pliysiol. a0(3):

320-323, L976.

17. lìolvler, W.S.: Lung function stuclics III. Uncven pulnionary

vcntilation in normal subjccts and in patients with pulmonary

clisc¡rsc. .1. Appl . Physiol. 2 : 283-299, i 949.



- 9¿ -

18. Anthor-Liscfl, N.lì., Dansoû, J., Robertson, p.c. and Ross, 'l{.R.0.:

Ainvay closurc as a function o[ agc. Rcsp. physiol. B: s8-6s,

1969- 7 0.

19. Buist, 4.s., ffid Ross, B.B.: predictcd values for closing volures

using a modifiecl single breath nitrogen test. A¡r. Rev. Resp. Dis.

107: 744-752, 1948.

20. Forvler, 'w.s.: Lung function studies II. The respiratory dead

space. An. J. Physiol. l54 : 405 -41(r, 194g .

2r. Dollfuss, R.E., Milic-Emili , J., and tsates, D.v.: Regional ventila-

tion of the lr-lig, studied, with boluses of 133x"r,on. lìesp. physiol.

2: 234-246, 1967

22, lvlilic-Lnili, J., Ilenderson, J.A.M., Dolovich, 1,,1.B., I'rop, 0., ancl

Kaneko, K.: Rcgional distribution of inspirccl gas in tl-ie lu.ng.

J" Appl. Physiol. 2I: 749-759, 1966.

23. Engle, L.4., Grassino, 4., and Anthonjscn, N.R.: Demonstration

of airway closure in man. J. Appl. physio1. 38: rLLT-rrzs, 1975.

24. Milic-Dnili, J.,lvlcad, J., and'l'urncr, ,J.lvf.: Topograprry of eso-

. phagear pressure as a function of posture in man. J. App1. physior.

l9(2): 212-216, 19(14.

25. Ma¡co, Jose G., and Hyatt, Robert E.: Relationship of air trapping

to itìct'c'ascd lung rccoil prcssurc .illthrcccl by chcst cagc rcstriction.
Am. lìev. Iìesp. Dls. 111: 2I-?.6, Ig7S.

26, Arborelius, M., Jr., Iìalldin, V.I., Liljâ, 8., ild Luncigren, C.E.G.:

I-lemodynamic changes in man during immersion with head above water.

Aerospace N{ed. 43:. 592-SgB, Ig7Z.

27. Agostoni, 8., Gurtner, G., Torri, G., anci Ralrn, I-1.: Rcspirarory

lllcclultlics cit¡ritrq sttllttcrsjon and ncrlrt-ivc 1t'r'cssurc brcathinq.

,I. Â¡rp) . Plrys i o1 . 21 : ZS1 -ZSB, 1 9(r(r .

28. lvcstìll'oclii, l)hili¡r lì., stuìrìrs, .s.lì., st'sslclr., A.l)., lìolrrlcr, K.,



-93-

iln(1 Ilyatt, R.ll.: llIfccts of: ;rncsthcsir ¡urri nlrsc'lr: p;rr;rlysis cln

rcspiratory nìcclìanics i,, ,,ot,n,,l nan. ,I. Appl . plry.siol . J4 [1):
81-86, L973.

29. Gilmour, I., Burnha:n, M., craig, D.ì3.: closing capacity measure-

ment during geneïal anesthesia. Anesthesiology 45: 477-482, Ig76.

30. Iìehder, Kai, Hatch, D.J., Sessler, A.0., lr{arcl-r, I-I.M. and Folwer,

W.S.: Effects of general anesthesia, muscle paralysis and mechanical

vcntilation on puLnonary nitrogen clearance. Anaesthcsiology

35: 591-601, 197I.

31. ììehder, K., Sittipong, Iì., and Sess1er, A.D.: The effects of

thioPentalmeperidine a¡resthesia ivitl-L succinyl choline paralysis

on the functional residual capacity and clynaniic lung compliance

in nor¡na1 sitting man. Anacsthcsiology 37: 3gs-3gB , rg7z.

32 . Caro ' C.G. , ancl DuBois, A. B. : Pulmonary :Eunction in k¡:hoscoliosis .

Thorax, 16 : 282-290, 19(rl .

33. Mead, J., and collier, c.: Relations of volume history of lungs

to rcsiriratory mcchanics in ancsthetized dogs. J. App1. physiol.

14: 669-678, 1959.

34. llcvcn, l).R., Ilolclcro[t, 4., l,oh, 1,., lr,lacGrcgor, IV.G., O'Sul1ivan,

J.c., and sykes, M.K.: closing volwne and pregnancy. British Med.

Joulnal, 1: 15-15, 1974.

35. craig, Douglas 8., ancl Toole, M.A.: Airway closure in prcgnancy.

C¿n¿rcl. furacsth. Soc. J. 22(6): 665 -672, 197S.

36. Gee, J. Bernard L., Packer, 8.S., Mi1lefl, J.8., and Robin, E.D.:

fuLnonarl' nrcch¿nics dr,rring prc.gnijrìc)/. J. Clin. Tnvcst. 46[(l):

945-952, 1967 .

37. lìocltcstcr, l)ttcl'lcy Iì., lrrrl Ihson, Y.: Cr¡r'l'cnt concolits in thc

¡ratltogcrlcsj.s <;l. tlrc olrcsity lrypr:vcnt-iltrtiorr :;yrrclI'on)c, nrcclt¿lnj.cai



- 94

and circ'1atory r.actors. Am. ,r. Mccr . s7: 402-420, 1g7A.

38' Dor-rg1as, lì.G. ancì Chong, P.Y.: Tnf=ltrcncc ol- obcsity on pcr:i¡rlicral

airways patency. J. Appl. physiol. 35(S): 559_565, Ig7Z.

39. Iicdcnsticrna, G., santcssen, J., ffid Norlancicr, o.: Ainvay

closure and distribution of inspirecl gas in the extremely obese,

breathing silontaneously ancl during ¿Lncsthesia with intermittent
positive pressure ventilation. Acta. Anaesth. scand. z0: 334_342,

197ó.

40. FIackney, J.0., Crane, M.G., Collier, C.C., Rokalv, S., and Griggs,

ll'E.: Syndrone of extrene obesity ancl l'ry¡poventilation: Stuclies

of etiology. Arrn. Intern. l'led. 51(3) : S41_552, 1g5g.

4r. Nai-nlark, 4., and clierniack, r{.x{.: cornpria_ncc of the respiracory
systcm and its components in health a'cl obesity. J. Appl. physiol.

377 -382, 1960

42, Sharp, J.T.,Ilenry, J.p., Sweany, S.K., Meaclo's, lV.R. ancl pictras,

Iì.J.: The total work of breathing in normal and obese men. J.
Clin. Invcst. 43: TZB-759, 1964.

43. Sharp, J.T., Flenry, J.P., Sw:any, S.K., Meadows, W.R., and pietras,

ìì"1.: 'l'ot¿rl l'csllillttoly incrtrncc anrl its gas ¿rncl t.ìssuo co¡ìporìcnrs

in normal ard obesc man. J. crin. Invest. 43: 503-s1r, 1964.

44. lJonduraLrt, s., Ilicka:n, J.8., ancì Istcy, .J.K.: I)urrnonary anci

circulatory effccts of acute pulnon'ry vascular cngorgcncnt in
non'al subjects. J. crin. Invcst. 3b: sg-ó6. tgs7.

A E, Þn^-1,,-^^++r' Dorouranr, s., Mead, Jere, and cook. c.D.: A re-evaluation

of cffects of acute central congcstion on pulnonary conqrliancc

in normal subjects. J. Appr. prrysiol. 15(s): 87s-877, 1960.

46. l{il.l ians, J.v., Ticrncy, D.F. ancl p¿rrltcr, Il.lì.: sur.Facc forccs

i¡l Llrr: lurr¡¡, ¿rtcrc,:ctirsis ¿rncl trans¡lrrrnulnary r)rcs.surc. ,1 . Âp¡rr.

l)hysioI. 21 (3): Sl9-827. 19b6.



-lrs-

47. Yourrg, s.1,., 'licrrrcy, l).F. ¿urrl crcrìcnts, ,1.4.: Mccllr¡¡isl¡ of

cott4lIjiltlcc cltattgc itt c-'xciscd lrrt lrrrrgs lrt lorv tnrrrsltullìolìitry

pressure. J. App1. Physiol. 29(6): 780-785, 1970.

48. collier, c.lì. and lr{ead, J. : purmonarl' cxcliange as rclatecl to

altered pulnonary mechanics in anaesthetizecl clogs. J. App1.

Physiol. 19: 659-66ó, 1964.

49. Hedley-1{li.ite, J., Laver, I,l.B., llcndixcn, [Ì.1.1.: Effect of

clunges in tidal ventilation orì physiologic shunting. Am. J.

Physiol . 206: 891 -897 , 1964.

50. Tierney, D.F.: Pulmonary surfactant in health and disease.

Diseases Chest 47: 247-255, 1gós

51. Ferris, lìenjanen G., Jr., and po1lard, David s.: I:ffect of deep

ancl tltt ict ltreath ing I cvcls o f- i nsp ir'¿rf i orr irt rlonlllll ¿¡cllrl ts .

J. C1in. Invest. J9: 143-149, 1960, ,

52. lt'fi.l ls, Iì.J., G. crunming ancl Ilarris, 1,.: lìrcclucncy crepencle¡t

compliance at different levels of inspiration in nomal adults.

.I. Âppl. Physiol. 18((r): l0(rl-10(r4, 19(r3.

53. schurch, s., J. Goerke, and J.A. clements. Direct deter¡nination

oI surl¿rcc tcnsion jn thc lrrng. proc. Nrt]. Ac¡rd. sci. IJSA

7s(72) : 4698-6202, 1976.

54. lvohr, ivfaly Lllcn lì., 'l'ur¡rer, Jarnc.s, and lvlcacl, Jcrc: st¿rtic

volurnc-prcssure curves of dog lungs - in vivo ancl in vitro.
J. App1. Physiol. 24(3): 348-354, 19ó8.

55. Komo, Kirnio, ffid li4ead, Jere: Measurernent of sepaïate volume

cìrangcs of rib cagc ancì abclonrcn br-cathing. J. Appl. phy-sior.

22(3): 407-422, \967.

5(r. ltlc|rington, tr{., 'l'honr¡rson, c.li{.: 'l'¡blcs of pcrcc-.ntrrgc lloi¡ts
c¡[- tltc invcrtcd bota (l:) clistribut iotr. Iìiornctrika 33: 73, J943.



- :lr) -

57. Il¡lrtlctt, M.S.: Propcrtics rll: sr¡1.f icicrncy rrrrcl st.¿rtistic¡rl tcsts.

Proc. Iìoy. Soc. , Âl(r0: 268-282, I 937 .

58. Bartlett, M.S.: Some examples of statistical methods oÊ research

in agriculture ancl airpl icci biology. .I . Iìoy. stat . soc . supple .

4: 157-183 , Ig37. '

59. Tukey, J.l4i.: The problen of multiple comparisons. unpublishecl

nanuscript, Princeton Uníversity, princeton, N.J. 1953.

Ó0. Dumett, C.W.: A multiple comparison proceclure for comparing several

treatments lvith a control. J. Am. stat. Assoc. 50: 1096-1121,

195s.

61. Rayseyer, G.c. and Tcheng, T.K.: The robustness of the studentized

l'all8e statisti-c to viloation of thc nonrrality and homogcneity of

variancc assumptions . fun. tk1. llcs. .l . l0 ( j) : 23s-240 , 1973.


