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ABSmAC'l' 

By induc1ng & ateacV state ot 133Ie e.xcbange across the 

lung and measuring the 133Xe cQllcmtration in individual lung reg1ons, 

we lII8ra able ta measure steady state regional ventilation/perfusion 

ratio •. :-{O' /~) • This technique was combined vith independent 

assesSDI8nts ot reg10nal ventilation and lnood fiow, and a variet7 ot 

3Ubjects studied. Brect normal. subjects showed an apex-to-base 

gradient in t A/Q which, though sizable, did not explain aU tA /Q 

varlation reporled in such lungs. Seated post-pneumonectomy patients 

_1'8 exam:1nedJ the increased fiow through the remaining lung decreased, 

apex-to-base ditterences in perfusion and V~Q, but ventilation 

distribution was unchanged. Lung regions atfecrted b,y pulmonar;r emboll 

deJOOnstrated high '0' A./~ and reduced pertusion but again ventilation 

distribltion vas not alterad. In patients vith bronchiectasis l33Xe 

studies agreed weil with bronchograms, but regional tunction appeared 

to depend more on the presenCe than the morphological severit7 ot the 

lesion. Asymptomatic asthmatics commonly showed ragiona with 

depressed ventilation and t A.~; however, rag1onal. maltanction vas not 

apparent unless overall axpiratory fiow rates were distinctly abnomal.. 

In contrast, patients vith chronic bronchitis otten showed impairment 

ot regional gas exchange in the absence ot major cleticits ot overall 

tunction. 'lbese patients &lso showed evidence tor subregional 

inhomogenieties ot tunction, a feature which dominated the tindings 

in patients vith emp~sema.. 
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lIlEFAOE 

The resul ts presented in this thesis repreaent the first exploration 

of steady &tate gas exchanging ftmction of individœl lung regions. Regioœl 

measurement. bad been made previouslyand ext.ra.polated to the steaà.y state, 

but snch extrapolations present theoretical and practical diffd.culties. 

Because the resul ts are unique, tbey have given new insigb:t.s into regicmal 

gas excbange and its determiœJIts, both in heal th and disease 

Ve hope it is apparent that this work could not bave been done bl" one 

person; the exper1mental york took more tban two yea.rs to ccmplete and a,n­

other two yea.rs vere required to amlyze the daf.a:. Necessarily, DIlllY peo-

ple were involved in theee studies at one t:l.me or anotber. The followiDg 

paragraphs list theee people and their specifie contributions; the impor­

tance of these contributions is self explanatory. 

This work was dons in thel"Xe laboratory of the Royal Victoria Hos­

pi~, vhich vas supported both fiDal:mially and spititually by Dr. D. V. 

Batee. Dr. Batee consulted and advieed on each phase of theee studies. 

The l"Xe laboratorv wae shared vith Dr. J. Milic-Emili, vhose co-

operation and advice vere of part1cular ~portance in initiating the author 

into the myeteries of the l"Xe teclmique. 

Full tilDe assistants in the l"Xe laboratory vere }lJl"s. M. B. Dolovich 

and Mr. W.R. D. Ross. All data. acquisition vas instrumented and supervised 

by them. Mrs. Dolovich helped vith theoretical aspects of the method, and 

Mr. Rose buil t much of the special equipment and conducted exper~ents on 

Compton scatter. 

Drs. Harry Bass, !hoIllE.s Heckscher, and P.C. Robertson vorked directly 

with the author at various tilDes during these studies. Dr. Bass helped 

vith all studies of abnormal subjects, with special empbasis on those in-

vol ving pat ients wi th pulmonary embol iam and bronchiectas is. Dr. Heckecher 



pa.rt.icipated in all studies of abnorma.ls except for those invovlving pa­

tients with bronchitis; he ws particularly interested in the astbmatics and 

helped with maIlY of the tbeoretical aspects of this york. Dr. Robertson 

did critical exper:lments involving Oanpton scatter. 

All the cardiac outputs measured during tbese studies vere performed 

by Dr. Antonio Oriol and Miss Judy Doman. 

Dr. J. A. ~ Henderson selected most of the branchiectatic patients 

and analyzed their bronchograms. 

Measurements of the mean effective balf lite of l;~ in the body 

vere carried out by Mr. Hyman Tannenbaum whlle a second year medical stu­

dent at McGill. 

A large number of senior clinicians at the Royal Victoria. Hospital 

helped to supply patient material for these studies. Of special importance 

were Dr. D. D. Monro, who permitted study of his patients ~er pneumo~ 

ect~, Dr. Bram Rose, who recruited all the asthmatics we studied, and Dr. 

R. E. G. Piace, who supplied the patients vith bronchitis. 

Piain films of the chest were evaluated by Dr. R. G. Fraser. 

Figures and dia~rams vere drawn by Mr. Lionel Bartlett and by HMC 

R. Oulberson, USN. 

The manuBcript vas typed and edited by Mrs. Jeannine Q,uinn. 
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TABLE 1. SIMBa.S œED F'BBQUEN'lLY IN THIS THEBIS 

standard symbola of reapiratory pby'aiology 

v - gaa voltllle (liters, L) 

q - blood volume (L) 

v. - gas flow (L/min) 

Q - blood flow (L/min) 

., - fractional concentration of gas in gaa (co/100co) 

o - concentration of gaa in blood (ec/100oe) 

P - pa±t.ial preasure of gaa in gas or blood 

Subacrip'ba are used vith the above to oOlmOte' 

1) the partieular gas refjrred to, O2, 0-"2, etc; vhen no specifie gaa 

is noted the referenee is either general or to l;'xe. 

2) the physiologieal status of the gas or blt)od. 

l - inapired 

E - expired 

A - alveolar 

• 

a- arter1al 

v - veDOUS 

v - mixed venous (pulmonary artery) 

thus. VA 1.B alveolar ventilation 

Paco is the partial pressure of 002 in arteria.l blood 
.2. 
V02 - 02 uptake (L/min) VOO2 - 062 om.put (L/min) 

R - VoQ21v02 - respiratory quotient 

D - dif'ferenee in the partial pressures of a gas in al veolar gaB and 

arter1a.l blood D02 ;;. PAO mimas Pao 
2 2 

Symbols used in routine pulmoœ.ry funetion testing 

VO - vital capacity FRa - functional residual eapacity 

RV - residual volume 'ILO - total lung eapactty 

ME - mixing efficieney 

MMFR - max:1mta mid-expiratory flow rate 

FEV - forced expired volume - subseript notes time at which measurement maœe 

Du
CO 

- diffusing eapacity of the lung for earbonmonoxide 



The _jor ~_ of the .-."." l.1mg 18 to uehaDce rup!.Joat.017 , .... 

betwa the extemal~. or atao.pbfte. UIl the iDt.1"IIal~. 

or blood. 1d.th QQPD (Gt) lIOf1.Da iDto the bloocl aDd oarboD dicm1cle (COz) aov1Dg 

out. 1'0 ett.est th1a exob... .tt1c1eDtq, pa aDd bl.cMxl illiat he broqht iDto 

cl .. ccmtaot owr a 1arp .urt.... The h1IIIID l1mg .et. tbM. req1l1NMDts (1) • 

Pa'"."" a1rwqa rud.t;y cm the cmler or 22 u... aDd tend.Date iD ~ '00 

1I1ll101l alftolar .a. wb1ch cODri.1tute lUJtg-pa 1Dterpbaa. ot ... 9S rI-. Bach 

alftolua 18 .1ll"l"OIIDled b7 a .ahwork ot 1800 cap1".17 .epata wb10h ...,. ca­

taiD blood; the potut1allag-blood iDterpbaae 18 tlma ... 90.2. Betwea 

the blood iD the oç1lllr.les &Di the ,&1 iD the alfto11 11e a •• l"1 .. ot th1D 

...mr&M8 (oapU1I", udothel1111l. alftolar 'bM-œ .... rue mi alftolar .p1-

the11111l) wb10h haft aD &gregate tbickDu. ot (.)6 - 2.S) x 10-4oa. 

Venou blood 18 cODtiDuouq suppl1ecl to th. oap5".", J'JII~ 1:17 the 

r1ght heart. wb1le at.oepher.lc air 18 G7011~ suppl1ecl to the al ... o11 by 

breathiDg or ftDt1latiOD. Gu .. llOV8 trc. alftolar air to cap511.", blood or 

vice ftna b,y pus 1ft diftu1OD; ther. 1s DO actift tranaport of re8p1rato17 

gues iD the hmg. A.ccordiDg to the la_ ot d1ftu1cm. the rate ot traD8fer 

ot a nbstaDoe acros. a barr.ler depend.8 on 1) the d1ffu1"f1ty of the nbltaDoe 

iD the barri.r aM 2) the relatift ccmceDtratiaœ or aoti"f1ti .. of the nbstaDoe 

on e1ther side ot the barrier(2). Respirato17 gas cODOeDtraticms iD the liq111d 

phase are Dot ala1S l1nearq re1ated to the1r act1"f1ti .. ;iD tb1a cas. the 

act1vity ot a gas 18 accurate~ represetecl b7 the part1al pressure or the 

gu iD the liquid. ID the case of the luDg, the traufer J'at. ot anen mi 

CGt acros. the alftolo-cap11111'1' ...mrane depeDda cm the d1ttuiv1t7 of the 

1 



, .... iD the -"raM &Dl the part;ial pN"~ ot tbM. lU" (Piz' PcOz> 
iD the alftolar , .. &Di -P']] 817 blood. M .aoh al1quot of ftJlOU bloocl __ 

te1'll the al:f8olar oap5ll117, GObi",. with Ù:ftolar 1" begiD8, Oz &Di COz 

beiDg drlftll acro.. the alftOlo-oaP'1]I17 Mlibraœ at rates proport1aaal to 

the1r part;ial pru.aa cU.tteNDON. The proport1cmali 't7 ooutaDt 1a the abon 

relatiauhip 1. the d1ttuidt,- of O2 &Di C~ iD the ~ft01o-oap11 li"'" IIIIIIbnm. 

If the •• g.... &1"8 d11'tuible _oqh, eaoh al1qllot ot b100cl w1ll atta1D part;ial 

pru.1U"e equ1l1brl_ with alftolar lU U 1t pu ••• thrcra&h tU pn'wonar.r oapU­

l.ar.r. UDd.r thes. o1rc_taDo •• , the al,"olo-o&P'1]I17 -.braDe 18 IlOt a ta.­

ticmal barrl.r to lU exùlnp. Th18 que8t1cm bu been iDftst1catecl exteu1ft~, 

&Di tor the purpos .. ot tbi. disoaslionit 18 probab:q .ate to ..... that tœ 

al ... o10-0&p5 u l17 Mllbrue dou Dot ooutitllte a sipdt10aDt barrler to tM ez­

ahag. ot 02 and CO2 ; 118 may ccms1der tbat eDi oapil.la:J7 b100d 18 iD laseou 

equ:U1brlua vith the al'ROl118 1t nblerves t 3>. 

What dete1'll1Dea ,as wnsicma iD alfto11 and oapU1lrr blood1 Th1a 1d.ll 

he ocmaidered algebra1~. It 18 usu.d 1) tbat alT80lar g&8 18 iD equ1l1b­

riua vith em oapUllr.r blood aDd 18 oœplete~ JId.Dd vl:t.b1n the alftolus, 2) 

tbat veDtllati011 is a oODtilmous, not a cyc110 prooea., J) that s~ sute 

cODiitiona a~ &Di 4) tbat the vol ... 1œp1red &Di expirecl b7 the alveo1u 

are the spa. The tirat usuçtion bas been juatitied in part above; d1MD­

s1cma1 ~18 jut1t1es the rellaiMer. The MXt two u.apt1cms will he 

disoused in deta1l later; :œither 18 oritical to the tollowing arguant. Th. 

third &SsU1lption entaUa aD errer ot les. than 'l$. Fig. 1 Npl"88enta th. 

mode! cODSiderecl. 

In the 8teaq atate, the lJIO'IJ1\t of arrr las enteriDg the alftOlo-cap111arr 

11JJit equalJl the &IIOUDt. ot g&8 leaviDg 1t: 
• • •• 

FI V.1 + ~ Q = FA. V.1 + Q F.1-' 1-1 

2 
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F~.l. Model of gas exchang1Dg unit. Both alveolar ventllaticm (V.A) 

and caplllary perfusion (Q) are CO:rrl;1nuoU8 and unidireoticmal. Blood 

a.Dd gas are 8eparat~d b1' a membrane ( dotted l1ne) -wh1oh does not 

canatitute a Bigniticant 'barrier. 
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The ,as 0aD enter the 1ID1t e1ther iD the gu or blood phase. The UIOIIIIt eDter1Dc 

in the ,as pbaae 18 the produot of the mpirecl ocmaeDtratiOD (11) aDd the al-
• 

ftolar 'nDt1lation (VA) aD! the UI01Dlt eDterlDg iD the bl00d pbaae 18 the produt 

.18 the prodllot of the enterlDg ftnou oODOeDtrat.1.on (Ci) am the bl00d fi_ 
• 

(Q). ~.1].,.~, lU 0aD leaft the 1Ddt e1'ther iD the lU or blooc! phase. The 

aaoant leadDg iD the gaa phase 18 the produot of the alftolar conoeDtrat.1..a 
• 

(FA) &Di the alftolar ftntUat1cm (VA) aD! the aaOUDt leaT1Dg iD the bl00d phase 
, . 

111 equal to the bl00d fiow (Q) JlDÙ.tipl1ed b7 the erd capu '.r.r oODOeDtration 

whioh 18 the al .... olar oODCeDtrat1on (FA) JI1Üt.1.pl.1ed by the appropriate solu­

bill. ty coefticient (.c. ). If, u iJIplied b7 the teN stead7 .tate. Jd.xed ftDOUI 

&Di '1nsp1red oODoeDtraticms are cemstut, al .... o1.ar (aDi capU] • ..,.) lU CODee. 

trat1OD111 (or part1al Pl"Usures) are detemlDed by the ratio of alftolar ventila-
• • 

tion to oap1"I1'7 pertuion (V'/Q): 
• • 

FI VJQ + Ci 
= I-2 

Th1l8, tor arq gl:nD set ot ftll1H tor 1Dsp1red am JI1Dd V8D01I8 lU ten-
• • 

81ems, the gu tension iD &IV' al .... 01111 18 t1Dd b.v the V A/Q ot tbat alfto1118. 

This cœcept wu tiret del1Deated b7 RileY' aDd COU!'DUd(4) aM Rahn am 'e=(5) 

&Di ccmst.1.tuted a ujar adftJlOe iD p1ÙIIOJW7 ~101ogy'. .ùs1llbg certain DOl""" 

11&1 ftl'QN for the gu cœporit1on of lI1Dd 'nnou blood aM insp1red gas, 

equat10n Z wu solved tor ~, HZ and COZ. Bel1Ùts are shOllD grapb1~ iD 
• • 

Fig. 2. It w1l1 he noted tbat for eaoh value ot vA/Q thel'8 111 o~ one value 

tor each of the gues ooœ1dered.. Th1.I. of OOlU'lle, wu the 1.IIp11cation ot 

eq. 1-Z. ~r. give the oalpOS1t1on ot ld.Dd ftllOU blood and 1.nsp1Nd 
• • 

gu, there 111 ~ cm. cœM nat101l of gas teDl10œ wh1ch GaD aist at arq V A/Q. 
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Fig. 2. AlTeol~capi11ary Talues for Po; (aolid liœ), Px (dette. 1.), 
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and Poo (dashed l1ne) at n.rioua rouea ~ v,AlQ. Bq. I-2 .. a aolyed, 
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aaaœdDg normal ftl.uea for gaa tension. in aixed Tenoua blood and iDap1red 

air, and apply1ng blood dissociation curvea for 02 and cot. At. each V /4 
there 1a a aingle Po IN, and P=-o which ... t.1et1e. eq. 1-2. 
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This is shom DOre str'k1ngly in Fig. 3a aM 3b which are s~ replats of 

the data of Fig. 2. The l.1œs of Figs. 3a aM 3b or1giJlate at po1:ats repre­

senting the composition of m1xed venons blood. am term1nate at points repre­

senting the composition of insp1red gas. It is 1ntu:itive~ obvious that al­

veo11 vith gas tensions equal to those of m1xed venous blood. are alveo11 vith 
• • 
VA/Q = o. S1milar~, alveo11 vith gas tensions of inspire<! gas are alveo11 

• • 
vith vAl Q =.d. Each point on the l1œs of Figs. 3a aM 3b represents a s1llgl.e 
• • • • 
VA/Q, &Di the curves represent aU the possible VA/Q aM, therefore, aU the 

possible combinations of gas tensions lihich could exist in .1veo11 vith the 

given inspired &Di m1.xed venous gas tensions. In a given lung it is reasonable 

to assume (for the present) that aU alveo11 inspire the same gas am rece1ve 

the sam venous blood, so tbat points on the l.ines of Figs. 3a am 3b might 

represent alveo11 1ü th€. same lung. If aU units in a lung vere ideDtical 
• • 

one point on the vAl Q line would represent the entire lung. In view of the 

fact tbat there are three hUDired mUlion alveo11 in the normal human lung, 

such identity cannat be expected. ID:leed, it would be reasonable to suppose 
• • 

that a normal lung contains some alveo11 vith vA/Q = 0 am a fev others vith 
• • 
VA/Q = oll 

• • 
What are the effects of inhomogeneities of V AI Qi In order to consider 

(4,7) 
this simp~ we must introduce the concept of the "ideal lung" • An idea1 

lung may be defined as one made up of umts lIhich are identical aM s1 m11 ar 

to that shown in Fig. 1. First, there is no effective barrier betveen alveolar 

gas am capillary blood. so that gas tensions in each alveolus are equal. to those 

of that alveolus' capillaries. Secam, there are no effective air or blood. 

shunts, i.e •• venous blood. does nat enter the arlerial system 1Iithout having 

traversed an alveolus. nor does inspired gas enter the expirate without first 

enterlng alveo11 ani umergoing gas excbange. FjnaJ]y. alveo11 in the ideal 

lung receive equal shares of the overall alveolar ventilation am equal. shares 

6 
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• • 
1'h1J8. 1:.U v A,/Q of an a1:u are the ._. 

ID _uch aD 1clea1l1111g the mnd al.,.olar pa haa th •• _ o~iti __ toM 

.hW arter1al b1oocl. It ~ DOt be olAar .t th1s point wb;r th1s _ituation 

18 du1.rùle. bat 1t 1d.ll be .hoa tbat ,_ uobange 18 .. t ett1e1at __ 

th18 18 the .... 

• • 
_hall o_ider the etfeota ot dittereDOU iD V A,/Q UODg the œta of aD other-

1I1.e 1I1e&1111111. ~ 18 111111trated iD Fic. 4 1Ih1oh .h .. lM hmg ha'Y1.Jaa tn . ~ 

Uldta n'th the __ VA,/Q (lig. 4A,) &Ill cm. 111Dg ha'rlDg two mta d'th ditter1Dg 
• • 
V/Q (ft,. 4B). Both 11mg. NOe1.,. the ._ total b100cl tlOlr aDIl ftDt1lation 

• • am. theretoN. haft the -_ Oftrall VA,/Q. cana ~_ haft bea der1nd 

tre. the 01I1"ft8 ot lig. 3 udf iD the oase ot arter1al blood.. traa tbM. data 

pla _+.am.rd 02 d1I_ooiaticm C1II"V8I(6). S1Doe Fig. 4A, repre.ente aD :ldeal1l1Dg 

"D'd Ù'ftolar aDd arter1al 02 teDs10D1 are the ... &Ill. hrther. are equal 
• • 

to thoee whioh wal.cl be pred10ted tl'Oll Fig. 2 cm the bal1I ot the Oftrall V,/Q. 

The 1ag .hOllD in Fig. 4B. honver. 11 oODl1d.erably ditterent. thoagh alYeolar 
• • am oapd" • ....,. g .. teœ1OD1 in e.oh l1D1t w1"8 wo der1nd t1'OJI the V,/Q ud the 

curvu ot 11'1«. 3. H1Dd alftolar ga8 bu • high POoz because 1t oontaiDs a "la-
• • 

tiftly large uomt of gu tl"Cll the h1gh v,/Q UDit. The lI1xed arter1al b100d 

bu a lOIr Paz becaue 1t ocmta1Ds • "lat1ft~ large oODtr1but.1cm trca the lOIr 
• • 
vA,/Q unit. H1xed arter1al Paz 11 be10w the aritbMt10 atan ot the P~'. ot the 

tllO UDita'.;, du. to the , 11nearit7 ot the 02 dis.ocdat1cm curn. FrOIl the point 

ot v1ew of the Ol'gam.... whioh 11 ftI by 1ts arter1al b100d g.. teu1cma. the 

.,.t .. _hOllD iD Fig. 4B 18 1Dettioient. In order tor the l.1ma _hOllD iD Fig.4B 

to produoe arter1al blood of the __ oCÇOl1t1.on as the lung ot Fig. 4,. 1t 

8 



lige 4. Clonsequences of illhanogeneities of VA/Q. Three two-alveolus me>­

dels are shownj tbeir ventilation, perfusion, and PQ2 are indicated. In 

4A each alveolus bas a vAlQ of 0.8';. Alveole>-caplllary and mixed alv­

eolar and arterial P02 are all 99 mm Hg. In 4B one lmit bas vAl'Q:& 1,20, 

the other has VAlQ "0.59. Alveole>-capillary P02 differ, and mixed alv­

eolar POl exceeds arterial. In 40 the alveolo-capillary lmits have the 

srune ventilation, perfusion and VyQ as in 4i, but the mixed al veolar 

and arterial P"o2 are the same as those of 4B, because an air shlmt of 

0.4 L/min has been added as bas a blood shtmt of 0.2 L/min. Gas and 

blood shunts are wasted ventilation and perfusion. 

9 
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• • 
wald be MO.II&17 te 1Dn'eaH tM Oftnll watUaticm te nUe tU vj,/Q aIIl 

. . . 
POz of the loir vj,/Q 1III1t. !M 1JI8tt1e:!.eM;r of th. 11l1li fi! lig. 4B ~ alao ~ 

d_ .. trated b;r the tact that 1'ta pa exoh.ng5ng oape.o1v GaD he dçl10atecl bT 
• • 

a Qat. iD wb1ch the two l.ug 1IId.'ta haft -.pal V j,/Q aIIl p~ Cftc. 40). lllDd 

alftOlar POz haa bMzl -. ecpal te that ot rlg. "'B b.r the additioa of aa -air 

Ihmat" or c1Nd lpa. iD wldoh 1Jç1Nd air 11 ap1red w1thOllt ha'YiJIg 1UIderc0D8 

lU ach,,... Th18 18 wutecl ywd;1'et1011. S1"',rq, tba arter1a1. p~ 18 the 

-_ .. that ot Fig. 4B becta.e of a bl.oo4 ah1lllt; tblllI1Dd ftDOIS bloacl traftr­

... the l:anp to the Q'Italo arterJ.u m:th01lt 1IIIdergoiltg , .. exohaDge. Thil 

11 ...ted perhliOll. 
• • 

lie haft UI .. ned the ettect of ftl'11Dg v,/Q iD aa ot:.Mrw1I. 1deal111n8; 

0aD thue .ttects be duplioatecl b.r otMr departUl'd tre. the 1dealltate! AM'. 
hloocl or air Ih1lDta to aD idea1l1mg dolatu the .. 11IÇt10D1 ot the 1deal111111. 

'the ettect ot tbue _U1I1'U h&I beeD 11lutrated. abon, and real.q l'8presats 
• • • • 

on:q speo1al .... ot VJ/Q ftriaticm; an air IhlUlt. being a UDit with vj,/Q • ~ 
• • 

am a hlood 1h1mt be1ng a 1III1t wlth vj,/Q IZ O. j, d1ttuiOl1 barrier at the &1ft01o-

capi" '''7 1Dteiophase wo l'epI .. .u a depart1ll'e tre. the ide&1 stata end 18 a 

s~t cH.ftel'8Dt .. e. If the barrier 18 thick enoaP, 8q1Iil1bration ot partial 

prea1I1'U aorœl the -.brane 11111 DOt be ooçlete, end a teDs10n dittel'8D08 

(gred1.eDt) betwaeD &1ft01118 aDd 8Dr:l cap"'.,.,. blood w1ll l'8IlÙt. This lit1l&tiOll 

18 aah .ore l1keq 111 the cue of Oz than C~ liDoe the dittus1:ri.ty' of the 

latter il ... lnenteen tiMI tbat of Oz. !lms a barrier ntfic1ent to produoe 

aD alWOÙ1-811d oa1""]'''7 C02 d:1ttel'8DC8 would be 10 thiok that ft,.,. l1ttla 

OJrHeD tNDIfer ocnWl tab plaoe aerou 1t, and in l:1fe diftuaion barr1ers 

s1p1f1~ etrect ~ ~ GObI,... 
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Ho. 40 tbu. tbeoretioal o-sùrati_ Nlate to Nal l.1mp. ~ aal 

a1mo~' 10l'IIal11lDP are Ilot Meal; the PI tu.iOBll of "Bd al.,.olar lU 

are Ilot the ._ u th.. of arter1al bloccl 111 Il~ lmIIaDI (8) • maeaaecl 1ap 

are. iD gneral. les. 1deal thaIlIlO1'llll. .... Let,.. .... -. iD the 80IItext 

ot th. abon. fact ... whioh oeald 1JIpecl. gu a.oblnge am brl.rq 1Ddieate tw.r 

1IIportaDoe iD health ml a varleq of 411 .... .tate •• 

The lIOIt. obYiou theONt1oal ea,... ot fa1l.ue of p1ÙJIODal7' lU exob."p 

mi ODe whiah .. Dot ..at10D84 iD th. ~ of tM :Ideal 1ag 18 1Ndequte 

ventilation. i •••• there ia a sulmo~ balk tlow of gu iD aD4 nt ot the 11l1li. 

iD reapom. to reaplJoatorr .fforts. This. b7 4etillitiœ, 40u Ilot oonr iD 

Ilol'Ul h1llllD8 but cloea 111 SOM clis .... statu (9a) • Dis ..... vhiah oCliprcE.a. 

the l'Mp1ratorr _nu ml 1II1I0lei :.q1Muoe ~tiOll ml taUure of 

g .. exoblnge. ObIt1"D.Ot1cm. ~ ante. of .. jor a1rwQ'a :.q pr04ue a ..... ] Ir 

I1tuation. Host ll1Dg 411 ..... hoaver. is CÙU'ODio lDl thea. patieDta. 111 gemral. 

u1I1ta1n a JI1mrte volDe of vmt1latiOll 1Ih1oh 1s at leut Ilomal ml theNtOJ'e 

adequate tor gas excbang. if other factors W8J'e Ilot 1I1vol.vecl. 

U 41I01181ecl above. thickeD1l1g of the alveolo-oaP'11lrr "'raDe throach­

out the 1ag could produoe illett101eDCJ.Y of QIR.1l exabellge. The na1l alnola1-

arter1al p~ diff.rel1Ce (D~) cl0C1Dl8l1tecl1l1 nol'Ul nbjects 18 ÙJI08t c.rta1N7 

Ilot on tb1a bal 18 (3) • Th1.a 1s becau. the .-bral18 1s tb:1D, the reacticm rate 

or 02 vith heBgl.ob1n 18 rut, the "oœtact U-" ot the a'Y8rag. red 0811 (the 

tille taDI1 for a recl 0811 to travers. 111 alveolar capt11lrr) is relati~ 1cmg-

tel1l1011 is ratber high (P~ = 100 -ag), glÛDg a high partial preaSUN gradieDt 

(P~ - Pyo-z) to clri ... dittuioa. onq UDd.r ext~ ciJ001lll8tecea l1lCh as 
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.. 1"011. (c:lecreaaecl oODtact tu.. iDoreuect ~ çtab) 1I1th 1 .. 1D8p1recl ~ 

tealicm 0aD a barrier .tt.ct or dittuiOll det.ct be ~tratec:l :lIl D01'IIIl. 

nbjeota('). lQ. ... pn'''''''I17 418 ...... part1011larq th08. oau1Dc biter-

8t1tial tibroe18. det.ota 18 6.i\lPD eubln,. ha.,. bea dewclUtrated 1Ih1ah wn 

thoqht d_ to th1olra1d.Dc ot the alfto10-oap1lJ.ar,y ...mue w1th dittuiœ blook. 

Thngh th1s -.;rbe tl"ll8 to a mnor meut. reoeut 1IOrk hM ..t. it clear that 

II08t ot the ,U exohup ditti01Ù.tJr :lIl thu. }*tieDt8 18 Dot OA the _18 of 

bupered. diftui.(10). "»1"7. tor reuca à1scu.ecl abon. abDOlWl.1't7 ot 

the &1.,.o1o-eap""17 -.bl'de cazmot be .... obd to exp'I'» 't.M d1st1U'baDoe. ot 

pal.aoDar.y CO2 exobaDp oaacmq ••• iD }*tieDts w1th .ewre ohroId.o 11IDg di ...... 
• • 

S1Doe air aD1 blood .h1lllt8 are ext~ .... or V,/Q ftl"1at:1cm. thu. will 
• • 

Dot be ocms1d.red •• parateq. Var1atiClll iD v.l/Q oerta1.DlT uists 1D both Donal 

aJJd almomal1ung •• If a Domal 111Ibjeot exp1res throlIgh a rap1d Id ~.r. 

a progreuift ohamg. iD ,as ocmceutratiOD 18 IIMD throlIghout up1ratiœ. ru. 

can be tra CJJiQr 1t lU ocmoeBtratica are Mt œd.tO:nl iD the 1UDg aD1 1t lU 
• • 

conceDtraUœw dift.r. theD v.l/Q WO lID8t ditt.r. This DOIl udtom1't7 18 lIOre 

str.l1d.Dg iD pati.1Its 1Iith dis..... IDdeed, as bu bec .nticmed, the vast 

ujorit;y ot pat:1.uts 1Iith ohrcm1.c 1ung diseas. haft D01'll&l or larg. mzmte '9'01-

... or wntilaticm, 1Ih1le at th •• _ t1me, -.D;Y deaoutrate str1JdJlg faUve 

ot pn'wON17 ,as uohang. as ju:igecl b;y the p~ aM Pc~ ot their arterial blooci. 

Th. 0l'llT po8s1ble explaDatiOD tor this pheDClleDon 18 tbat the patient'. large 

vol.De or Tent1lat:1cm 18 Dot reacb1ng areas whioh are pertused &Di. COJmtrselT. 

are .. which are ""17 badly veDt1lated are wU pertued 110 the art.rial blood 

18, iD .ttect, ~nt1lated. Thia, ot COll1'8e, 18 a description ot faUve or 
• • 

,as excbaDge due to ml'MB illbalaDo. al v.l/Q. 
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III ---.rr. tb1a .eot1cm ha clealt ratber d1daot1~ 1I1th 8_ ot the 

t.otOl'll 1Ih1oh are 1IIportuIt iD pa'-r.r pa aohl.e. It .. po1zrted 0Ilt tbat 

,U exohlnge ooours cm • baa18 ot pu81'ft d1ttu1cm .0 tbat part1al P1'Unn8 

iD the blooc! phaae ot the lr~ aN fiDcl taDet10J11 ot thoe. iD tu pa phase. 

Ua1er ~ etat. oOD:l1t1OJ11 al'ftolo-oap11Ja..,. pa tariOJll are depeDdeDt GD: 

1) the ,U teDIIiGDI eDterlDg the reapirat017lD1it iD the 1Dapired air ad "xecl 
• • 

veD01I8 bloocl ad 2) lI08t iIIportaDtq, the VJ/Q of the 1'8ap1rator,r lDIit. The 

Domal l'UDg ia eDol'llOUq oaçlex, the abDorall1JDg pro~ l101"e 80; varia­

ticma iD 1Ud.t&r7 flmct10n are tlum to beexpeoted. It RB ehown tbat variation 
• • 

ot V A,/Q withiD a I11Dg oould produce 1Dettic1eœy ot crnrall ,U exoblnp. 

Fi n l"7. it wu po1zrted out tbat pN8eDt ev1d.eDce strcmgq sua •• ts tbat .uch 
• • 
vA,/Q variation 18 the aost 1IIportuIt tactor procluoing diftereDON betneD the 

DOmal am the ideal lUDg ad iD produc1Dg cl1Dioal UlbarruneDt ot ,U exobl ••• 

The subsequent .ection 1Iil1 deal with previou .tte.pts .t ...... ing ,u 

o exobange iD DOl'Ml and abDol'lllal l'DDg., am the rali mer ot tb1s tbu18 w1ll 

d.eorlbe our approaoh to tb1s probl.ea. 
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II. PBBVlOtJS ftUDDS or GjS BlCIWJGB 

Th1a section does not p1l1'pOrt to be a o~ Nd_ of all ~o1og1o 

approaches to 11l1li taact1on, nor 18 1t 1nteDÙd to off.r a ooç:rehell81 ... zoe­

'91 .. ot pnl_r.r f1mat1œ iD resp1ratOl7 dis..... It 18 hoped tbat tb1s ,.0-
tion w1l1 s.m to 1ntroduoe the ruder to the 1ag tuDotion t..ta ued iD 

oonjunot1on 1f1th the present a:pen-Dtal work ml t. th._ te.ts wldoh lecl 

to the presat work am a1d iD 1'ta 1Dterpret&tion. Ullder thes. rutr1ot1cma. 

prev10u ol.1D1oal aDd c.per.t..elltal approachel tall into thNe geDaral ~: 

1) "rout1De" pal.acmar.r hnct10n tests, 2) stu:H. .. ot gal exobanp based on aD&lr 

sil ot spples obt,a1ned t1"Oll the 1ung as a whole. n.oh al JI1xed alveolar gas 

or arter1al blood aDd 3) pre'91ou stu:H... ot regiODal ll1DC fuDct1on. T.ohJd.oal 

upeota of .thodo1ogy w11l be revined CJILbr 1dum pert.1Mnt to th. work on 1Ih1oh 

tbis tbul.l 18 based. 
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1. ROUTINE PULMONARY"FUNOTION TESTS 

The routine function tests discussed here are those tests which vere 

carried out on the patients used as subjects for these exper1ments. These 

tests '!fere usually carried out as a battery and vere often done ail part 

of the patientsl clinical evauation. They serve an extremely useful func­

tian in that they identif'y and clallsify' patient materialJ tbey are not 

generally used to study normal l ungs but rather for discerning devi&tions 

fram the normal state. 

An enormous bibl iography' is associated vith each rom-ine pulmonary 

function test. Hovever, ve shall cite oDly a few highly IIpecialized refer­

ences for these tests. The text of Bates and Christie (9b) gives detailed 

summaries of the execution and intrepretation of all the tests discussed 

here, and where no other reference is cited, may be regarded as the source. 

Routine pulmonary function tests may- easily be conaidered under four 

categories' 1) measurement of the subdivisions of lung volume, 2) measurements 

of expiratory flow rate, ,) meas".U'ements of the uneveness of ventilation dis­

tribution and gas exchanging c.a:npetence and, 4) mee.surements of gaseous 

QOmposition of arterial blood. 

The lung vollll1es p~rtinent to this discussion are the total hmg cap­

ac1ty (TLO) which ie the volume of gas in the lungs when max1mally inflated, 

the vital capacity (VO) which is the max1m'L1ll volm.e of gas that the subject 

1s able to inspire or expire, the residual volume (RV) which is the volume 

of gas in the 1ungs under conditions of maximum expiratory effort, and the 
• 

ftmctional residt@l capacity (FRa) which 1s the volume of gas in the 1ungs at 

the end of a normal expiration. The va and the difference between FRC and 

RV are measured by baving the subject~ perform the appropriate manuevers 

whlle breathing into a spiraneter or other system able to measure gas 
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volaMs. The lI'RC (ml tberet01"8 av mi TLC) an .... ved b;r ha'f1Dc the nbjeot 

e rebreathe floca a o1rou1t ot tiDd vol,.. ecmta'n1 n g He. This gas 1.11 so 1DIIol1lble 

that 1t ~ sateq he .. su.d that aU ot 1t N'MiM in the gas phue. If ODe 

rebreatbes Be. sp1rca.ter &Di }X']wana17 He oODOeDtrat1oœ wlll eftJltual.l;r he 

equal am if .p1rcaeter volue aDd 1D1tial m:l tiDal He eonceDtrat10D8 are knOWll. 

lung vo11Dle JIq he calc1Üated. 

LlIIIg vo11Dle -&S1l1"8MDt8 are macle umer static (sero air nOIr) cODdit1cms 

aDd. thel'etore. reflect statio propert1es of the lung &Di cbMt wall .. JIGd1t1ecl 

by the nep1rato17 .. cles. The staUc propert1ea ot 11UJg8 are such that 1IheD 

thel'e 18 no press1l1'e d1tterence &Oroas theJa, lllllg vo11Dll8 18 ess.ut1']]7 .ero. 

L1mg tissue, tben, opposes expaœ10n at alllœg vol.... When no respiratorr 

1lIUJ0le aotiT1ty 18 impoaed on the 1solated chest wall. its volue 18 C0D81de~ 

greater tbaD sero; the chest wall re818ts expaœ10n at h1gb volumes &Di res1sts 

cOllpnes1on at low volm=s. Max' ma] iDspirat017 volUJl8, or TLC, tb.en renect& 

a balame bat_en expansive forces exel"ted by the 1nsp1rato17 III18cles am th. 

passive reco1l forces ot the lung url chest wall. At me there 18 no~ no 

resp11"&to17 lIlU8cle act1v1ty 80 at th1s lung vo11Dll8 the retraotive Neoll ot 

the lung 18 equal am opposite the exp8M ile tOrc8 of the chest wall. These 

hmg voluas, thon. &l"8 infiuenced by the reoo11 prope1"t1es ot the lung. When 

1ung elastic tissue 1& destroyed as in 811pbysema. 1lmg NeoU d1111'1 n1 shes; Ttc 

and me 1ncrease. In 8Carred tibrot1c llmgS. reco11 increasea; TLC am me 

decreaae. The determ1nants ot RV appear to vary vith age. In old people er­

piraUon appears to be limited by ail"WlJ'" coUapee; at low lœg volU1l88 pressures 

aroum the airnys do not remain negative enough to keep the. open(11). Younger 
(12) 

aubjects develop ainIaY coll&pse in dependant portions of the 1ungs at RV , 

but other airways remain open and apparent17 1ung vo11Dll8 stabilises beoaue 
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the.e nbje0t8 are 1ID&bl.e to a~ enough torce to the wst 11'&11 to o~s 

it turther. Pati.nta 1d.th airwa1' l1&J"!"OIdng d_ to uatOll1ca1 lui_ or spua 

develop abnomal.q large RV; .Dwple~ al'8 patienta with broncb:1tia or utlma. 

MeUureMnts ot upirat017 nOIr rate are ,eœra].q oarried out à1ll"1Dg 

toroed or uz1_ ettort exp1rato~ VC llaM11Ters. In a1V' g:1 .... n nbject. the 

wr1W111l exp1.rat017 nov rate deoreaaell with lung TOlua beoause ai1"Wql lW'Z'OIr 

.. lUDg TOlue talla 110 that progrellsiveq lus air n_ :re.ults tZ'Cla a given 

pl'U'U:N drop àown the ai1"llQ'8. rurther,.. lUDg volae deo:N&lel, 10 dou the 

u rhnlll p:NSSl1l'8 avaUable to drift air n.. It 1IOtIld he :reuonable to apeot 

upirato17 now rates to d.epeDd upon the .. 0UDt ot ettort upeDded on th. ___ 1lftr, 

&Di sncb 111 iDleed the case at h1gh llmg volau. Over the 1011er 50-10.& ot the 

VC, how-nar. the aaomrt ot ettort expeDded bal IIIlcb l .. s to do with the tl. rate 

attajned. The ettect ot "ettort" il to iDiuoe a p:rellllure ditterenoe tZ'Cla l.1mg 

lurface to a1rwq opeDiDg. At 1011 lung volUll88, inoreuiDg pNISure at the lung 

lIurface also iDiuoell oCllpl'ellion of airwqs 1Ih1.oh inore .... a:1rny :reliltanoe. 

Inore .. e. in dr1T.1Dg p:rel.ure (ettort) are thu O&Doelled b.Y 1no:reas .. in ai1'Wl1' 

rel1staDoe 110 that 0D0e a certain .ttort or p:reillure 111 applied, further iDoreu .. 

in ettort do not 1no:reue air fiOir. The 10ll8r the lung volU1lle, the JIO:re proa­

ir1ent th1a ettect of' ~ oa.preillion 'beoCIIU. 110 that olose to RV the ruge 

ot nov rates available to the lubjeot 1& -na17 liIdted iDdeed. Max'WPIl n. 
rate at ~ 10.& VC bas heen studied exteœ1veq trc:a both tbeoretical aD! experi­

_Dtal pointa ot ü.,,(13 ,14) • The rate ot nOIr .tt.jned appeara to be depmdent 

on: 1) the ltatic elastio 1"8oaU ot the lung which 11 the ajor eUeot1ft toroe 

driv1ng air out ot the lung, 2) the coçrelllib1l.1ty ot the airwçs aDd 3) the 

res1ltanoe ot ai~ upst:reu tZ'Cla th. point of a1NQ' cCllpNIsion 1Ih:1ch 1& 
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11~ iD _jor a1nqs. Thu, tut. of up1rato17 tlow rate, pa1:.1n1arq 

11 -.nred at or below SO/J VC, """M both atatic .laatio aDd tlow NWti ... 

propert.1 .. of the lUDg. Suah a tut 18 the -rl .... JIid-.xp1rate17 no.. rate 

(DrR). m. ..... iDYolYiDg ~, suoh .... t1ma ad brcmah1tu o_~ 

cre .. e tbu. nOIr rates. Patient. 1d.th both broDeb1tu ad eJIPb18- ha ... 

grosa~ deoreased exp1ratOl7 nOIr rat .. s1Doe tU.r ha .... both a11'Wq dis .... 

aIId deoreued elut1c reoo11. ID tact 1t 18 c~ tor th .. e nbjMts to be 

s. l1a1.ted that 1101'11&1 breathiDg IlUt be ccmduoted at -""'Ii] nOIr rates. T • .ts 

1Ih10h .... ure the volDe exp1red troa TLC d1l1'1Dg CD» •• ocmd (lBV1 ) or 3/4 of 

a •• oemi (FEVO•7S) are hea~ 1Dtlu.noK b7 the tactOl'll cI1aou.ed abon but 

&1"8 wo to a certain ment depeDdeDt on ettort. 

J/I MDt10ned abon, lung TOlue. are o~cmq .uured b7 oloeed cil'01lit 

He à1lut1on. The foreigD gas 1s rebreatheà UDtU He concentration iD th. cir­

cuit 18 ccmstaDt, at which t'-- dilution ot 8p1roMter He b7 the TOl .. ot gu 

iD the lungs 18 coçJ.ete &Di He cOI1ceDtraticms ccmstaDt tlu'Oughout the 818tea. 

The apeeà ot this equilibration 18 relateà to the vol .. ot the sp1l'C118ter "78-

tea. the lUDg volae ot the subjeot &Di the rate ot vol .... excbaDge betwen 

thea, or the 8ubjeot'a veDtilation. HORftr, equ:llibraUon 18 Dot caplete 

until aU 1Ud ta iD the 8ubjeot·. lung &1"8 equilibrated &Di if 80a0 of thea. 

are re1at1ft~ bacUy ....ntilateà iD relation to their vol .... , equ1l1braUon 1dll 

be delayeci over what would be pred1cted OD the buis ot overall ventilation 

&Di lung T01U1118. Therefore, the speed. of equilibration 1Ihen cCllpaNCl vith 

theoretical pred.icticms, can be used u a .U1U"M8Dt of the 1ID1t0l'Wit7 ot ven­

tilation par un1.t vol1Dle aaoDg un1.ta iD the 1ung. J/I Bdght be apected. DOr­

Ml 8ubjecta do not behave U if t.heir lungs are ventilated ~ &Di tb1a 
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iD ... WQ8 a .1IIp1er approaoh 18 tbat ot open oirGait 12 d1l.1It1OD 1dd.ah elltaUa 
., 

the IIODitor1Bg of ap1l'ed 12 teDlliau .. a subjeet 1Dsp1res pa1'8~. 'the 12 

iD the 11l1li 1s Npl&oed 'b7 O2 'b7 veDt11atiOD; ap1l'ed 12 cleONU" url the rate 

ot deoreaae represents the rate of replaoeMllt. or ftIIt1lat1on per 1Dd.t TObme. 

Th1a teolmiq_ bu been owb:5Nd vith other approaabe. &Di v1ll be d1soaued iD 

gruter detaU l&ter. 

The ditf'ua~ oapaoity tor CO bu be_ utU1sed exteu1~ tor ~~ 

the alft01o-oapill.ry MlIbraœ. It 11111 be NO."ecl that the ditf'uaiOD ot & 

gas &01"088 • .-bl"de 18 depeDdeDt on the cl1tfu1v.tt)r ot the lU iD the ...mr.­

and the partial pressure gradient &orou 1t. ID the O&8e ot the bmg, MU1l1"r 

MUt ot the d1rfus1Dg propert1 .. of the alwo1o-oapi".17 .... l'aD8 O&D be oarrieci 

out if the alveol.e-oapi"'17 pre .. ure gradient tor & ,as ou he cletendlled. It 

18 iços81ble to l1te~ _&SUre pn'wma17 oapill'17 lU pre881U"U. lRlt b.­

cause of 1ts att1D1t)r tor heaogloblD, &ppreo1able &IIOUDts of CO M7 oœb1De vith 

b100cl at n.gl1g1ble ~1a1 pre881l1'M. If lOIr OODOentratiOlD8 ot CO are ued 

then the alveo1o-cap1l.lary pressure gradient 18 e88~ equal to th.e PJco. 

CO uptalœ durbg a d.ngle breath or uDlier s~ etat. cODiiticms 18 o~ 

_anred am, when ci1v1decl by the approprlata P~o' des1gnatecl the diftuing 

oapac1ty (D:tcO), a tam wb1ch 1ncllli .. the ditf'uaiv.tty ot the gu in the -­

bran., the area am thickness ot the llabrane and the palacmar.v oapi" .,.,. blood 

vo11lJ18. HeasuremeDts ot Dtco in nomal subjects C&D probabl3 be iDterpreteci 

in these terms. However, in 8ubject8 vith ~onar.r ci1sease 8uch 1nterpretation 

18 alaost certe:1 n1;y inoorrect. St1Jd1es ot patients with chrcmic obst1'11ct1"f8 

1ung dia.ase have produced values tor Dx.co that are c1early at variance nth 

actual pby8ioa1 diftusing capacity. Units in such 1ungs cœa~ exhib1t ex­

t1"08 var1aticms in alwolar ventilation, cap'1l.ry blood nOIr and probably 
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oaptll.,.,. dittu1Dg &Na; noh ft2"1ati0D8 do etteot .... ur •• Dt8 of Dz.cO. ID 

.pite ot these ditticu1ties. the Dtco 18 a usehl test partioularq 1Ihen dcme 

UDder etea&V state cOld1t1aas. fh1a 18 probabq due to the taot that stead1' 

.tate Dr.co 18 '"17 sem1tift to ft2"1at1OD11 iD tanot1on throaghout the l1mg1 

lœowl.edge of the prueDCe of such ft1"1at1cms 18 Tal.uable. In praot1oe deore .... 

of stead1' lltate Dx.co are ~ noted iD patients vith pn'WON17 ~e_. 

but lIIlGh less co.on17 iD ~ aJXl chrcm10 brcmoh1t18 1I1thout oo-ex1stent 

eapbyB_. 

Arterial blood gas ~1a 1s an utraeq valuable telt ol1D1ca1:b' but 

sCMllhat les. 10 uper.be~. El.eYat1on ot PAc~ ( > 46 .-Hg) iDdicates a 

deore .. e iD etteot1ve veatUat1on. or wJrt1l.ation ot the arterial blood. Th1a 

IllY be due to decreased. averall TeDt1lat1cm bIt 18 IIOre c~ du to vide 
• • 

aM 1Dappropr1ate variation iD VJQ. Virt~ the Salle ltatuent can be lIade 

relative to deore .... iD ~ ~ or s~ (~~). 
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2. BOB RmIOlUL STllDIBS OF PlJLII)BRI GAS BlCHAlGB 

Betore seriou co.aa1deratiOll ot thue approaahes 1t 1s DeC.SS&l7 to pre­

s.Dt their ujor theoNtioal detem1Dants iD tairl;r cCllpl.ete tash1cm. Though 

repetitift. the s1llp1e.t aDd ... t logioa1 Mthod ot do:lllg Ws 1a to deri ... 
• • 

the VJQ ounes ot Fig. 3. 

Th .... uçt10D11 iDvolftd in this derivation are as tollon. 

1) gu teœ1cms iD al. ... 011. aDd cap1l.lar1.. reach equ:1l1.br11D1, 

2) Idxed Tenou blood 1& ot cOll8tant oCÇ081tion &Id the s .. for all 

3) iDlpired gu cœposition 1s OODStant aDd eftry1lhere equal to that ot 

ataosli1erio air (PO = 140 P CO = 0), 
2 2 

4) 11llJg .tabo1:1sm 18 iDsign1f'1oant in relat10n to the total exchang .. 

ot 02 am CO2 lIhich take place aorocss it, 

5) stam.rd blood 02 and CO2 dissociation cum& app~, 

6) symbols used are shawn in Table 1. 
1 

• 
Let us DOW oonsider V0

2
' the dount ot azygen reJllOV9d from inspired gu 

per llinute: 
• • • 

n-l 

• 
S1w1'arl;r. CO2 output (VCO ) 18 the amount of C~ added to expirecl gas 

2 
par minute: 

• • • 
VC02 = FEc0

2 
VE - FIea.;. 'Ir. n-2 

Sinee FI = 0 the lut term drope out. The respiratory quotient (R) 
C~ 

theD JI8Y' be wri tten: • • 
VC~ FEca.;. VB 

R = = n-3 
• • • 
Va.;. Fla.;. VI - FE~ VE 

• 
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representiDg bath gu oODoentration am ... Iltilation. Honver, the latter 

-.y be cI1speœed vith if' .. us .. that there 18 no NZ uptalœ or releu_ 

&01"08S the l.mJg: 
• • 

II-4 

S1Dce there are no gues ether than Oz' COZ am NZ present, the SU1ll ot 

these tractiODal oODOentratioœ in arsy gu SallPle 18 un:1t)r so FN
Z 

= l-FOz-FC~ 

aDd 

• 

• 
VE (1-FEO -FL

O 
) 

2 "'"\; 2 
------. II-S 

1-FI -F 
Oz ICOz 

It tb1s 1s subst1tuted into equation 3, rell8llber1ng FIcCz = sero, the 

tollOldng results: 

R = 
FEcOz (1-FIOz) 

II-6 
FIOz (1-FEc0z) - FECz 

By lIllÙ.tip~ the top am bottom ot the right side ot this equation 

by the appropria te baroJDetric pressure, we IllY convert fractional conCeD"" 

traticms to pa.rtial. pressures: 

P
Ecaz 

(1-FIo
z
) 

R = II-7 
PIOz (1-FEc0z) - PEOz 

.A:U gas excbange occurs in alveoli. so alveolar gas lIlWIt have the S8lU 

R as tbat calculated trca expired gas concentrations. Mixed expired gas 

18 by de:finit1on Jd.Jœd alveolar gas to which inspired gu bas been added; 



1t follon t.bat :tarther dilution or a ld.Dd exp1recl or alveolar sample b7 

iDspired gas dou not ohaDge the R der1ved fram the sapl.e. ID:ieed, a11 of 

the foregoing relationships coald have been derived for al'98olar .. oppoeed 

to ap1red gas, am al'Rohr tel'BS mq be substituted for u:p1red tems: (16b) 

R = 
PAc~ (1-FI~) 

II-8 
PI~ (1-FAc~) - P~ 

The abon JIIY be rearranged to solve for P ~ : 

-F~ II-9 

P Ao
Z 

1a, then, l.iDear~ related to P Ac~' and if the iDspired mixture 

1s constant the slope of the 11near relaticmship 1s dete1'B1Iled by R. The 

origin or the l.iDear plot 18 def1.Decl b7 PI~. The above equat10n 18 plotted 

for a varlet,. of R in Fig. SA vhich assues that the inspired llixture 1a at-

aospher1c air. 

Let us DOW cons1der the blood entering and leaving the al'98011: By the 

we11 mown Fick relat1onship: 
• • 
v~ = Q (Caoz - CVaz) II-10 

; . 
vc~ = Q <CVcoz - CSCo.z) n-11 

Th. reapiratory quotient of the blood. then 18: 

CV
COz 

- CaC02 
R = II-12 

C~ - c., 
-v2 Oz 

If Cao
Z 

is plotted against C&c~ the abave equation w1ll also yield a 

series of straight l.1nes the slope of lIhich are determ1necl by the R choaen. 

The origin of the lines ia in tbis instance the point vith the Oz aM COz 
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, 

Fig. 5. Gas and blood R lines. Ordinatesl P002. Abscissaes P02. The 

upper panel shows gas R lines radiating fran a point representing inspired 

gas. Each l ine is a plot of eq. 11-9 using a different value of R. Dle 

lover panel shows blood R lines radiating fran the mixed TenOU8 po1lrt.. 

Bach line represents a plot ot eq. 11-12 using a different value for R 

and converting blood concentrations to part1al pressures vith the appro­

priate dissociaticn curve. 
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.4 
oODOentrati0D8"lIiDd venous blood. BOII8ver. bloocl d1ssoo1ati01l C1U'"ft8 tor 

O2 and C~ are not 11Dear. and so 1Ihen bloocl R l1Des are plotted on Po am 
2 

P C~ ooord1nates. ourves result as shown iD Fig. SB. .l reasonable value tor 

the cQIpOSit1on ot lIixed ,"nOlIS blood bas beeD selected at p~ III 44. Pc~ III 47-­

Fig. 5.A. JI8Y he suœaar1sed b;y stat1ng that 1t 1œp1red gas umergoes gas er 

clwIge at a oertain R the oOÇOB'1tion of the expired gaa JlUSt he on the ap­

proprlate R 1iDe. SiJd.larl,y, Fig. SB states that 1t JdDd V8nous blood ot 

the oomposition shown UDiergoes gas excbaJlge at a given R. then aU poas1ble 

compositions ot blood alter suah exchange are &180 represeDted by the appro­

priate R liDe. Nov the gas am blood in aD alveolua œcessaril,y exchange at 

the S&J118 R. Theretore. the poilIt ot intersection ot blood and gas R 11Des 

bav1Dg the same value defines the oompos1tion ot alveolar gas &Di oap1ll.ary 

blood wb:1ch have exchanged at tbat R. Severa! suob intersections are shown 

iD Fig. 6A. and a oomplete line 1Dc11ld1ng aU possible intersections 1s shawn 

iD Fig. 6B. The l1De ot Fig. 6B 1nd1cates aU the possible gas concentrations 

wb1ch could exist iD alveoll111th the inspired gas and m1xed venous conceD-

trations shawn. Each point on the l1ne represeDts a d.1tferent R; tor each 

R there JItlSt he a unique Po am Pc~ in both alveolar air and cap1llary blood. 
2 • • 

~t dete1'lldnes the R of blood and gas? VA,/Q 18 related to R as follows: 

• • 
VC02 = VA, FAc~ II-2 

(lihere Fr = 0) 
C~ 

• • 
Vo = Q (CaO - CVn . ...> 

2 2 V-.G 
II-10 

These MY he combined: 



Fig. 6. Intersecting R l1nes. In the top panel, the two panels of Fig. 

5 have been combl.ned and sCIlle points of interseetion of gas and blood R 

11nes having the same values are shown. In the lover panel aH such 

pointe have been c:onnected to form a amooth curve. The nl.lllbers on the 

curve are the vAlQ values pertaining to each point (see text). 
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• 
v' j, .. 

= II-13 • 
Q 

lie have just shown that tor a giveD 1DspiNd llixture am cœpont1on 
• • 

ot JIiDd veDOUS blood, R, ~ aM FJc~ are 1m1que~ related; V,/Q tbeD 

detel"lliDd the values ot all three. Theretore, each R value represents & 

• • 
unique V,/Q aM tbis ratio 1s the phyBiolcg1cal detem:l.naD'Î; ot alveolo-

capilllr,y R &Di alveolo-capil.l.ary gu tensions. 

In a three gas syatea such as alveolar gas, designation ot the concen-
• • 

trations ot two gases fixes the concentration ot the third. Th118, V JI Q by' 

detendning R wo determiDes alveolo-capill.r,y P
N2 

aDi 1t 18 possible to 

ConRruot a line on a P CO
2 

- P
N2 

d1agram whioh represents aU possible con­

centrations ot these gases in a lung vith given input contents ot gas and 

blood (Fig. 3B). Aa in the Pn.. - PCO d:1agram, eaoh point on the PN2 - PCO 
•• -~ 2 2 

l.iDa represents & unique Vj,/Q. 

These diagrams obviously give the expe1"lmenter & powertul tool f'or as­

sessing gas exchange. They establ1sh that 1I8as~nt of' gas tensions in 
• • 

gas or blood may he interpreted in terms ot specific vAl Q and conclusicms 
• • 

drawn regarding the detel"'naDts of' vA/Q. It follows that inh01llogeneities 
• • 

ot gas composition with1n the lungs indicate variation ot v,/Q. Heasurell8Dts 

ot inhomogenei ties ot gas concentration in the lungs are net easy to make, 
• • 

however, am most techniques for evaluating val"iation ot V,/Q are theretore 

somewhat iDiirect. 

The respirator,y mass spect:rometer is capable of' instantaneous measurement 

of' a I11llIIber of resp1ratory gues in SiJm1taneOllS ruMon. West et al. used 

tbis instrument to :record 02 am CO2 during single expirations (17) • As had 



o 

been notecl previousl1' tlw P ~ am p C~ _1'8 DOt ocmstant throughout 1Dd1oat1J2g 

cliffe1'eDOeS in pre-exp1rator,y gas OODcentrations throughout the llmg. Con­

oentration clifferances in the alveolar gas _asured. in these uper1ments tha 
• • 

rep1'8seDted ditfe1'8nt VA/Q am West et al. interpreted th_ &8 such with the 

&id ot the O2 - C~ d1agraa. Ccmt1Duous reoords ot exp1:red. gas ooncentra­

tions &8 _asured. vith tlw DI&8S spectl'OlMter are shOllll in Fig. 7. West et 
• • 

al. s1ç~ chose two points on these ourves am ass1gned the. VA/Q aooordiDg 

to O\U"'f8S s11111ar to thœe ot Fig. 6B. In addition, the)" reoorded expirator,y 

gas tensions atter a s1Jlgle b1'8ath wb10h oontained. &rgon(18) .. _11 &8 O
2 

aDi N2 • The argon 11'&8 d1stributed aocording to ventilation par unit vol,.. 
• 

so that cliffereDON in vA/v in pre-exp1rator,y alveolar gas _re wo aval1able. 
• • 

When d1tteranoes in vA/Q _re ccmputed for the 8" breaths usiDg O2 am CO2 
• 

tension ditferenoes, perfusion per unit volwae (Q/V) cOllld he appreo1ated. 

In bath normals am abnomals, JIlOstl1' patients vith empbysema, 1t 1IU tcnmd 

that the alveolar gas exp1red ear~ conta1Ded more O2 aJXl A, aDd less CO2 

than d1d that exp:1.red later. This led the. to oODolude that well vantilated 
• • • 

(h1gh VA/V) unite empt1ed early, that these ha.d. high VA/Qi am wo rela-
• 

tiv.l;r b1gh Q/V. The d1!fe1'8noes 1181'8 rather small in DOmal subjeots aJXl 

ccms1derab~ larger in ~ema. The authors po1uted out that these studies 

could he oritic1zed on a Jl1DIber of oounts. The size ot the breath talœn, 

the lung volwae at which it was talœn, aJXlinspiratory am axpirator,r nOIr 
rates 1181'8 not rig1d.ly oontrolled; an of these may intluence the distribu­

tion of ventilation in nomals am are l1kely to be more important in the 

case of the d1seased llmg. Seo~, the test measUNd m1n111DlJ1 variations 

throughout the lung, sinoe it depamed not ~ on pre-expirator,y differences 
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Fit· 7. S1lIlulated .. as spectrometer traciDga. OrdÜlatea. pO! BDi PC02. 

Abaciasa. t:iae 1n aec0lUl8. MeasUJ'eJl8nta vere mde at the Ilouth durmg a 

s~e expiration. A.~ the cmset of expiration (taO) the oonduotillg airwaya 

(dead apa.ce) vere fllled vith inspired gas. A; th18 gaa 1& .~1red and the 

a1na.ya _shed out PCOI r1ae. a.ncl P02 :tal1. rapiAl,.. At 1.0-1.5 sec. 

alveolar gas i8 being exp1red and the rate of c~ f4 Po. ~ PC02 

decrease. However, bath com.1.Due to olaDge, 1l2d.ioatiDg 1nbcaogeœit,. of 

al T801ar ga,s. 



iD gas ccmceDtraticms wlthiD tU lUDg, but also on difterencea in apty1Dg 

aeqU8DCe are ccmstaDt, 80 that .. ch sepeDt ot the exp1rate _re -.de up 

ot t1Dd tractioœ traa an 1Udta, the1'8 would be DO dittereDces in gu con­

ceDtration throughout the alveolar portion ot expi1'ed gas, ineapect1ft ot 
• 

pre-expirato1'1' ditterenoes in gas cOlllp08ition (am, tberetore, VAlv &Di 
• • 
VA/Q) throughout the lUDg. 

hotber approach U81ng the resp1rat01'1' lIaSa spectraeter vu deviaed 
(19,20) 

by Read am Fowler • They noted that 1IheD a n01'll&l subjeot nb.Jed 

slowlT through the 1DstraeDt, palsatUe abaDges ot gas ccmceDtration_re 

preseDt as alftolar gas vas exp1red. These palsatUe chaDges are c0:5nc1deDt 

vith the haart beat am vere te1'tDBd cardiogwc 08cillatiODS. WheD the in-

spirate cont.a1ned argon, the palsatUe variatiODS aeen in the alveolar con­

oentrations ot A and CO2 ara in phase and both ot these are 1800 out or 

phase vith changes in PO. On the basis ot atudies involviDg poatU1'8 the 
2 

au thon ooncluded that the heart beat iDiuced ohanges in the emptying ot 

upper l'ong zones in relation to the emptying ot lower lung ZODeS; thus, 

durlng systole the fiON' rate troJalOll8r SODeS 1ncreased in relation to that 

tram upper zones 1Ihil.e the reverse happened. duriDg diastole. With the cardiao 

Cycle, then, mixed alveolar gas conceDtratiODS alternatelT approached th08e 

ot upper and lower ZODeS. The aut.hR8 concludecl that upper SODeS bad rela-
• • • 

tively h:1gh vA/Q am 1011 vA/v lIhich vas entirely cODSistent vith data derived 

using radio isotopes. They carr1ed their ~1s :rurther by asaigning or 

• (20) 
asalDldng values for upper am 1011er zone V,/v • This allowed thaa to 

calcul.ate the preoiae effect or the heut on emptying pattern aM 1Ihen this 



• • 
1l1.li appl.1ed to the O2 aM CO2 traoiDp, to o..,ute upper mi 101Nr seme VA,/Q 

• 
mi QlV. Us1Dg W8 approaoh, the authon exud ned the etteota ot exeroise 

aDd lQpox1a (21,22). Both ot these st1lml1 appe&1'8Ci to iDorease llpper-seme 

blood nOIr 1n .ost subjects. Hoover, th1s wu Dot trae 111 a1l subjeota aM 

1t wu proposed tbat 8œD8 otherw1se Domal1Dd1v1duals do Dot respcmd to th ... 

st;1wnl1 b7 sb1tting the1r b100d nOIr d1stribut1on. These exper:t.Dts, 1Ih11e 

very iDgeD1ns, sutte:red t1"OIl the tact that they 1I8re JI08t 1Dl1rect mi 111-

T01ftCi a Jl11JIber ot ass1Dlpt.1ons 1Ih1oh wre ditficu1t to prove. For 1D8tanoe, 

ciirect studies ot the ettect ot the heartbeat on expiratory air nOIr 111 major 

bronob1 bave shown tbat this ettect ... Dot UDit01"ll but teDied to ... .,ry troll 

iDiirldual to iDiirldual (23). Upper aM lower scmea as studied b7 th1s Mth-

oc! _re undet1ned. &8 opposed to studies vith radioactive gases. 11N117, 

the _thod vas ent1re~ inapplioable to subjects with long d1sease • 

.ln obvious _thocl or .. sess1ng gas exohaDg. 18 to meuure arterial­

alveolar dittereDoes tor 1'8sp1ratory gues. .As d1soused 111 Section l slloh 
• • 

dUt.renc.s may retlect ... ariations in V A,/Q. The oldest mOWJl disorepancy 

1n gas tension betwen alveolar gas &Di arterial b100d vas that tor œr;yg.D 

(D~); th1s d1ttereDC8 18 wo the largest both in health aM dis..... Un­

tortunatel7, D~ are dUt1cu1t to iDterpret tor a mmber of reasema. Nor-
• • 

~. the _an VA,/Q 18 about 1.0, OODScmant with _an P'<>2 ::1 90-100 ..Hg. 

DOmal PI approx1mates 140 mœRg au:1. Pi 1s about 40 marg. Theretore, 
<>2 • ~ • • 

addition ot unit. haYiDg e1ther h1gh VA,/Q (100<P~:' 140) or lOIr VJQ 

(4O~P~ 100) to a lung w1th P'<>2 = 100 could cause aD appreciable D~, 

iD th. t1rst instance by ra1s1Dg P .lrL' 111 the secODi b.Y 10118ril'lg Pao: g1 veD 
~ •• 2 

a D~ then 1t cannat be stated 1Ihether this 1s due to high VA,/Q units. lOIr 



• • 
VA,/Q unite or both. Second. it i8 pos8ible, though illprobable, that a DO 

2 
might elÔ.8t on the bas18 ot alveolo-oapillary block. This 18 particular~ 

• • 
l.ike~ in unite vith low VA/Q- &rd, henee, low P~ so that the P

02 
d1f'terence 

driving the diffusion proceS8 i8 reduced. 11n,"Y, direct r1ght-to-lett 

shUl'Jting bas an important influnce on D~ (4 ) eD:i 8uoh shunting may have l1ttle 

to do vith lung tunction, as in cardi&c detects. It 18 important to note that 

when P ~ > 100 such 8hunting creates a larger D02 than IIdght be expected on 

cursary inspection ot the 02 - CO2 diagram. This is because ot the ,li neari ty 

ot the 02 dissooiation ourve(6). Hixed venoua blood (Pv~= 40) haB an cunen 

• • 
oontent of about 14 vol.~. Blood leaTing &l'Veol1 with VA,/Q ot 1.0 (P~=100) 

haB an 02 oontent of about 19.5 V.ll. f,. If arterial blood is oOllposed ot 

equal parts of shunted (venous) and non shunted blood, the merial 02 oment 

1s 16.75 vol. f,. This oontent, uaing a standard 02 dissociation ourve, 1& 

equivalent to about 52 mmHg. Thua, the PaOz 1s 52 mmHg &rd the PAoz is 

100 mmHg, giving a D02 of 48 mmHg. To put ft another WBY. because of the 

al1nearity of the 02 dissociation curve, addition of an equal amount of "al­

veolar" (P02 = 100) to mixed venous (P
02 

= 40) blood bas only elevated the 

P
02 

of the latter by 12 DlllHg. 

In sp1te of these difficulties, Riley et al. developed a fruitful am 
important method for the study of normal and abnormal lungs which wu based 

on DO measurements(4 t 7,24). They introduced the conoept of ideal or effec-
2 

tive PAoz lddch they de~ ~ the P.Aoz which would obtain in alveolar gas 

if all units had the same V A!Q. They derived eftective P!.oz trom measuring 

02 sni COz in expired gas (PEOz' PEcOz) arri used these in eq. TI -7 to compute 

R. Arterial CO2 tension (P ) vas also measured; this vas assumed equal 
&cOz 

to P Ac0
2 

• Using R azxl P &cOz the ideal alveolar o.x;ygen vas oomputed aooording 

to eq. n-8. This vas compareclllith PE~ and a dead space effect calculated. 

,5 



This wu dcme 'b7 ocçut1Dg the f'raoticmal d1lut1on ot g .. vith 1deal P~ 

'b7 1nsp1rad g .. (PIez> _o"s&17 to produce the obsernd PBOz. Later ... 

gas ~is teolmique illpl"OftCl .... ured P ~ .... sub8titutec:l tor PIOz. 

This lw:l the .tvaDtage of Dot iDcluding TeDtilation ot _jor a1rIrqa iD the 

oaloulation ot dead spaoe ettect. p&Oz .... abo ... urad; tbi8 ... 1ID1fonq 

less tbaD 1deal P Aoz' aD:l if Pvez .... knom or .. s-.d. the traotiODal dUu­

tion ot blood 'llith 1deù P ~ 'b7 veDOU blood vbioh wu neo"S&J7 to produoe 

the observed P~ .... oalcul.ated. This wu t.l'tBi the "'DOUS ada:lxture. This 

approaoh sohe_t1~ div1cl .. the llUlg iDto three c0mpart.J8nta. an ideal 
• • 

oOllpartMnt vith unitOnl vA,/Q ot about 1.0. a dead space or traction ot the 
• • 

ventilation vith vA,/Q =,,0 ad a venou adlII1xt111'8. 0" traction of the card1.ao 
• • 

output vith V,/Q = o. In Domal subjects the latter cClllpa!"tments vere small. 

iD patients vith empbysema they could be quit. large. This. ot ooarse. wu 

a oODSic:lerable overs1mplj ficat1on; aU cCllp&ri.ments _1'8 hypothetical iD that 

they could he desoribed in lungs vith no troe dead space, no trae V8llOUS ad­

JI1xture. aD:l no alveoll. whioh oontdned the 1d.eal P~. This aay he seen 

by ooçaring Figs. 4B aDi 4C. This ditficulty vith interpretaticm of al­

veolar-arterial ditte1'8nces 1& general - they can he ex:pl.jned equal.ly vall 
• • 

on the basis ot a small D1DIber ot md.ts vith extremel.3' biased Vj,/Q or a lu-

ger JllDIIber vith les8 biased values. An addit10nal dittioulty with the Riley 

approaoh wu that the &8sumption that P Ac~ = P ac~ 1s not strictly true in 

DOmal subjeots aDi IllY not be approximately t1"l18 in subjects vith disease. 

The me&8't11'8l11ent ot alveolar-arterial difterences tor CO2 (DC~> &Di 12 

(~2> wh1le teclmically ditficult are more rewarding, at !east in theory, 



than are meas1U"eJleDts or D~ (2S). The cO
2 

- 1
2 

diagr&1ll (Fig. 38) 18 abLost 

rectaDgular in fom, the uual normal alveolar values (PCn... = 39, PI = 570) 
• -" 2 • 

~ œar a corner. The d1f'ference betveen Pico (V,./Q = 0) &Di normal. 
• • 2 

P Ac~ (~=. 0.8, V J./Q = 0.9) 1s small (7 1IDHg), while the d1fference between 

P1C<>2 (vJ./Q =-=') am normal PAc~ 1s large. Because of this, lU'lits vith 

high YJ./6 are more effective in creating a DC~ in an otherwise normal (R =0.8, 

YJ./6 = 0.9) lung tban are units vith low VJ./Q. Becawse the arterio-venous 

Pco dirference 1s so small (S - 7 lIIIIIBg), direct right-to-left shunting bas 
2 

a aman effect on Dca. In contrast, the normal. PAN = 571 lIIIIIBg,1Ihich is not 
2 •• 2 

greatly different fram that in units vith VAlQ = oc). On the ether haM, 
• • 

units vith very low vA/Q have PAN wbich are considerably higher than normal. 
•• 2 

Thus, uni~ wi th high vAl Q are net. important in causing ~ while units vith 
• • 2 

low VJQ are. An additional feature of the ~2 1s that 1t 1s entirely insen-

s1ti ve to right-to-left shuDting. This 18 because in the steady state there 

1s no N2 exchange in the periphery so that P "H2 = P-~; therefore, addit1\lD 

of mixed venous blood to arterial blood cannet change P ~2 • Ne1ther DC~ 

nor ~ can be attributed to alveolo-capi1.l.al7 block, in one case because of 
2 

the high diffus1vity of CO2 am in the ether because of the very SlIIall amount 

of N2 actually crossing the membrane (2S). An illustration of the apparent 

paradox of steady state N2 exchange 1s shawn in Fig. 8. Though N2 18 ex-
• • 

changed between uni ts of high aM low vAl Q there 18 no net pulmonary exchange 

ei ther wi th the inspira te or the periphery. 

By measuring ~ arrl DCO simultaneously, 1t :lB possible to describe 
2 2 • • 

the lung in terms of two compartments each vith specifie VAl Q aM specifie 

shares of the overall ventilation arrl perfusion (26). A simplified example 

of this 1s shawn in Fig. 9. A.lveolar gas is analyzed arrl plotted on the 
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PNz=580 PNz=580 PNz=580 

Pig. 8. s;..ad)' IJtate N2 excbaDge. Tvo 11"011 are sbown, one v1th vA!4:'o.5, 
the other vith v.Al4~ 2.0. In8p1red PJi2S 568 DIDBg and mhed -Tenoue 11l1!580 DIIl 

Hg. The capUla.ry blood 10Ma N2 in the h1gh tA/Q tmit, the emount being . 
eqœl to the blood f1~ t1me1 the d1ff'ereDCe hJtween Tenaua and alveolo-

capUlary PN2. ~ ll2 1088 18 exactl)' bala.nced bt blood 112 çtake in the 

high vAlQ unit 80 that arterial. and Tenous l'N
2 

are_ the aame, 80 there 1s 

no net çtake or release· of N2 b)' either blood or gal. lleTertheles8, 

tbere 18 an al Te 01 a.r-arte rial. PN2 d:1:f'terence. 



COz - IZ diagraa. as 18 a .1JIpl.e ot arter1al blood. The alveolar .açle 

must taU on the appropriate gu R liDe. the merial .ample on the blood 

R l1De hav1ng the 8&1118 value. The lung 18 .... 1DIed to ccms1st of two ca.­

partMnts each contribut1llg to the alftolar gu aM arter1a1 blood; the 

• • 
composition ot eaah c~nt JIlIJSt be rep1'e8ented on the "V"/Q ]1œn ot 

Fig. 9. Un U81JM that the blood d1s.ociat1on CV'I8. ot COZ &Di IZ are 

l1near. the caçosition of the tllO compart.-nts may be def1ned .1mp~ by 

drawing a straight l1De between the merial and alveolar po:1.Dts; ooapart­

mental composition i8 defined by the intersectiOJ'lB ot tbis l1né with the 

• • 
nV,/Q l:1ne." Further. the tractional contribution ot eaah c~JJt iB-

inversel,y related to the distance between the compositions ot the compart­

ments and that ot the m1xed (alveolar or &rterial) sample considered. as 

shawn in Fig. 9. This argument cannot be rigorous13 derived hare. but it 

can be reasoned in intuitive fashion. If W8 begin vith the tvo coapartments 

plotted on the CO2 - N2 diagram. it is evideDt that a.n.y mixture ot gases from 

them must lie on the line joi.n:1ng them. The precise point on this line is 

determined by the relative contribution of each; if each compartment con-

tributes equal.ly the resultant mixture w111 he equidistant from the tllO orig­

inal points. If N2 am CO2 dissociation curves are l.inear. precisel;r the 

same argument applies in reg&1'd to the arterial bloocl. Plotting both arterial 

and alveolar compositions t then defines the straight line which in tum de­

fines the two compartments. Using this compartmental data and the Oz d:is-
• • 

sociation curve. a DO may be calculated tmich is entirel;r due to VA/Q 
2 

variance. Comparison of this calculated DOoz vith a measured D~ allows con-

clusions to be drawn regardiDg the amount of direct arterio-venous shunting. 
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Fig. 9. Tvo ccmpa.rt.ment 8DlÙy81e of TJlQ inhœnDgeJJeity. Dow 1&. a aeo­

tion of theO~. 112 ourve of Fig ,. Samflea of m1xed alye.iar ga,a (A) 
~ . 

and art8r1al b100d (a) are aœlyzed and p10tted on the ourve. ~y lIIl8t 

fal1 on the appropriate 'Who1e llZllg R 11llea for ga,. and blood. A atra1g)rl; 

11lle i8 d~wn through theae pointa and the t'Wo oCillpartment. (land 2) 

defined by the 1nt.eraection or tbl8 11œ vith the .'V/cl··1iD1. ' ~ tb18 ex­

ample tbe VAlQ of cClllpartment 1 18 O~55 and the tVQof cœpartment 2 
. . \ 

i8 2.00. The fraoticmal contribution of o'c:apar1iilent l to the arler1al 

b100d i8 def'ined by the ratio:.of' the diat.ance a-2 to the d1atance 1-2-

The fractional contribution of canpartment 2 to mixed al "olar ga,. 18 eqœl 

to the ratio of distance Ar-1 to distance 1-2. 

~. 



The two-cœparbleJIt lIOdel 18 obv1ous~ b1gb17 ~cal: it 18 per­

rectly' possible to describe a lung in this rasbion when the lung in ract 

contains no alveoli with the gas CClllpOsition or either cœpart.ment. H0W8ver, 

meanremeuts or ~2 am DC0
2 

have been rewarding •. DC~ bas been used as a 

diagnostic and experiEJItal test in pnJmcmar,y embolia."C'Zl ,28) m:l bas been 

ahOlm to be elevated in patieDts vith ~ .. (29). I1l bas proved to he 
• • 2 () 

a relativel.7 sensitive test ror V,jQ disturbance in the newborn 30 am in 

patieDts with empbysema (31). 

Lenfant(32) extemed tbis approach in nol"Jll&l subjects by measur1ng D~, 

DC02 am ~2 as PI~ wu increased. Inoreasing PI~ bas the errect or great~ 

enlarging the range or P~ am PN2 covered by the tA/Q line in bath the 02-C~ 

and the N2 - CO2 diagrams. This ilS beoause Pv~ increases OIÙJ slight~ as 

PICz ia raised rrom 140 to 700.. In addition to this, the splay of gas R l.1nes 

becomes considerab~ narrower. The net res1Ù.t of these effects is that the 
• • 

difference in composition batWgen units vith ver,y low V,,/Q am those vith 
• • • • 
V,,/Q = 1 is eno1"lllously increased, so tbat if unitlS vith such V8r,y low V AlQ 

exist their effect in terms of D~ and ~2 is magnified. It vas vell lmown 

that in normal subjects, DO increased vith increases in PI ; this had been 
2 ~ 

attributed to direct right-to-lei't shunting. Lenfant, however, showed that 

~ also increased as PI wu increased; this could not have been due ta 
2 ~ •• 

shunting but must have baen due to the presence of alveolar units "with V,,/Q 

bordering on zero. other studies of DO have since supported tbis bypothesis (33) 
2 

Recent~, Farbi (26,34,35) bas infused solutions of inert foreign gases 

am measured. their arterial-alveolar differences. The behavior of a:ny such 

gas UDier steady state conditions i8, as stated in Section l, depeDient on 
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• • 
the applicable VA/Q and the solubility ot the gu. It the gas is 1Dtused 

to steady state: 
• • 

Q CV = FA VA + FA Q ~ II-14 

The left side or the equation represents the input due to 1ntusion; the right 

represem,s the lung output. Rearranged: 

FAici = V JQ1 + 0( II-15 

This equation 18 plotted in Fig. 10 for tvo gases of differing solubilities. 

one, He. being very insolubla and the ather, Acetylene, being relative~ solu-
• • 

ble. It can be seen that in the case of He, unite vith very 10. vj,/Q con-
• • 

tain very bigh ooncentrations relative to other unite; if' very low vA/Q units 

were present they would be effective in produc1ng an alveolar-arter1al dif'-

ference for He. On the other haD:l, Acetylene concentration changes littla 
• • 

over the 10. Vi/Q range, so arterial-alveolar difterences for this gas could 
• • 

only be produced by re1ative~ bigh V,/Q unite. Using this approach with 

normal subjects, Farhi coneluded that normal lungs lIlUBt contain SCIlle unite 
• • • • 

vith very bigh V A/Q and others vith extremely 10. V j,/Q. Further, it wu sug-

gested. that cliagrau analagous to the COZ - NZ diagram could be set up and 

analyBed. Using Fig. 10 an He-acetylene diagram could be eomposed. and if 

arlerial and alveolar samples ve1'8 obtained, they could be analyzecl to produce 

a tvo-compartJMnt lung model. This approach is attractive but the analyses 

are extremely dif'ficult and there must be SaDe provisional question regarding 

the presence ot a steady state in this ldD:l of exper1.JDent. In theory, tbis 

technique should be applicable to abnormal lungs. 

A. particularly revarding technique in diseased lungs bas been te use 

inert gas vashout techn:iques to describe the distribution of ventilation, 
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, 
and to compare this data vith e1ther blood gases or &rter1al-alveolar dit-

ferences. 

This approach wu introduced by Briscoe(36-38) who aed. it vith particu­

larl1' good ettect in patients vith ellJ)hysema. They enm1ned open c1rcuit 

N2 washout ot lungs ot patients breathiDg O2 , ~ing successive breatha 

tor N2 over a 20 minute periode If the 11Dlg wre a hoaogeDe01l8 _1l1l1xed 

syste. during .. hout F'N at arq tas (t) M1' he descrlbed by: 
2 • 

-~-t. 
f",,~. F"o e V n-16 

where F Ao 18 H2 concentration at t = o. If ln FAx IF Ao 18 plotted aga1D8t 
"2 • 

Ume (t) the Nlult theD ahould he a straight l.ine vith slope - vA/v. If 

several hOllOgeœous vell lIIixed cc:llllp&rt.nts 1I8re in parallel, the wuhout 

flmotion tor the wols lung woul.d he: 

-(~,)~ 
FA (c. ) : F"'6 e. 

Il, 
n-17 

When this equation is plotted as ln (F 'tIF Ao) against t:" , • the result 18 repre­

sentative ot the algebraic sums ot lines vith slope of - vA/v (Fig. 11) • 
• 

Since t 1s related to VA by a constant, the area under each ot the lines 18 

proportional to the amount of H2 in each compartment. am the fraction of 

the total lung volume occupied by each compartment may be calcu1ated. If 
• 

overall VA 18 lmown. the alveolar ventilation of each compartment may also 

be calcu1ated. Brlscoe made the8e measurements in patients vith emphysema 

and fotmi washout Cl1l"V8S suggesting the presence of a large hOllogeneous CCllll"" 

• 
partment vith very -low vA/v, together vith one or more small campartllents 
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Pig. 11. Simulated nitrogen vashout oune frCII a pa tient vith emp~ __ • 

OrdiDate. alveolar N2 concentration expressed as a traction of 'ÛJa.t. ex1.t1J2g 
.. 

at taOJ t.he scale 18 logaWt.lmic. Abaoasa. time in minutes. !he aolid 

represents the exper1mental ourve, and a:tter 5-6 min th1e ourve ia esaentW:r 

1 inear, 'detining the _shout. of the poorl)" ventllated .pace (daahed liDe, 

V AlV = 0.116 L/IIlin/L). Subtraotion ot th1e cune frClll the experœntal 

va8hoU"t oarve y1elds a second liDear plot, vh10h det1Des the vell ven­

tllated space (dotted liDe, tAfv"1.77 L/a1:D/ia). 
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• 
vith h1gh V,/V. '!'he patients' arter1al o;snen saturation ... wo -..uNd 

and aD usuçt10n ude rega1"d.1Dg JI1.Dcl venOlUJca;ygen saturation. It vu 
• • 

then 88su.d that the _11 veDtilated cOlllpar'tlleDta had h1gh VAl Q mi pro-

duced blood wbich wu 9~ 8aturated. Th1a allowed caloulation ot the uppnt 

limit ot the tractional blood nOIr to the vell vent1lated coa:parbents and, 
• • 

in l1ght or the meaaured Sao allowd unique soluticma ror the VA/Q and 
2 

rraotional pertuaion ot the poor~ ventilated ccmpart.nt. Briacoe tOUDi 

that patients with 811pbyBeJU. general.ly gave s'm'Ir resu1.ta. The poorq ven­

t1l.ated space aacnmted to 21:3 or the ne ml wu relativeq lUlderper!used, 

rece1ving about one bal! the card1ac output. It received ~ 5 - 10.' or 
• • 

the ventilation, and had a vA/Q or 0.1 - 0.2. The 8JIIIl1 space vas bath over 
• • 

ventilated al'ld OV'erper!used and had a v"/Q in the neighborbood. ot 2.0. SiId-

1ar stlli1es .... ra carried out in nomal subjects(:37) but th. resu1.ta _1'8 less 

consistent probably because the N2 vashout curves d1d not break irrto linear 

components as welle These stu:l1es by Briscoe 1I8ra important, particularly 

those in patients vith emphysema. They cl.early illustratecl the w1de dispa.ri-
• • 

ties in V JQ which could exist in the ~ell&tOUB lung. The technique wu 

flexible &Di could. be applied to patients during exerc1se. h1Perventilation 

aDd artificia1 respiration. However, the compartments or Spa088 desoribed 
• • 

vere bypothetical; the aBSumption or tm1!o:na1ty or v"/Q &Di perfllBion within 

either "campartaent" (defiœd. by the vashout curve) vas unjustitied &Di it 

bas been said that stripping 8Xponential :funations rrom a ccmplax !unction 

such as N2 vashout ia a dubious procedure. Fina"Y. granting the reality 

or the two oOlllpal"blents. thia approach gives no information beyODi their 

existence and function; their location &Di anatœv is unkl'lown. 
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.l D1UIIber ot teclm1quu rue. hl 1 ng tbat of Bruege' s have been 1ntrociuoecl 

b;y other innstigatora; thue 1d.ll be rev1ned brie~. ID geDeral, the 

s .. erit1cn.. app~ to these stlKlies as do to those ot Brisooe's. 

F1nle1' et al. (10,39) measured p~ am r
Ai2 

oont1rm01lB~ dur1ng B2 ... h­

out. B7 selectiDg a two poiDt8 late in .. bout thq wre able to ..... that 

aU "...,mng H2 wu iD a ~ vetil&ted o~Dt mi tbat the blood in 

th1s eoçart-Dt wu ~ saturated so tbat the ohange in P~ betnen the 

two points seleoted equalled the change in P
8tt2 

(Pàc~ be1Dg ocmstaDt). 

Thua, the ohaDge in overall P
AJ2 

18 known, aD! the s1D1taœou ohaDge iD 

overall PAtl wu .asured. If all the B2 vere iD the poor~ 'YeDtUatecl 0.-
2 

partDmt, then all th. H2 in KlDd alveolar pa ml arteJ!al blood ol'1l1Dated 

in tbis oOÇ&l"tmeDt, and. the Pl2 of eompartmeDtal gas and blood DSt have 

been the same. TherefoN, the cbaJlge in overall PAri
2 

represented the change 

in ocmparbDental. P-'N
2 

multiplied b;y a dilution factor lihich vas the ratio 

ot compartmental to overall alveolar vent1lation. Sim:Uar~, the change in 

P~ equalled the same change in compartmental P
N2 

multiplied b7 a dilû.ion 

factor, this factor be1.ng the ratio ot compartmental to overall perfusion. 

• • 
By combining these relationships. the V J./Q of the poorly ventilated compart-

• • 
ment relative to overall VA,/Q could he oomputed. The washout cune oould 

be used tor deriving the vol\1Dle am ventilation ot the poorly ventilated 

compartment. This technique wu used to ex.mine patients vith pulmonary 

fibroaia (10) thought to have alveolo-capil.l.ary block; it vas particularly 

vell adapted to this sinee the crucial measurement8 vere made 1Ihen P ~ vas 

so high that the etfect of potential diftusion barriera vere mhrimal. The 
• • 

tÜdings ot this stw;3y vere ilIIportant in that variations in VJ./Q in these 
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patienta _re oODS1derable. enoagh to ex:pla1n obsernd gas exchuge almor­

II&l1t1es without 1Dvold.zJg alfto1o-oap1ll.arr b1ock. 

nooka aD! Farbi (40) aonitored iDert gas vuhouts in both alftolar gas 

and arter1al blood am. p10tting the. sem1logarbytbm1oall1'. aDalyzed tba 

in the s ... DY as Br1sooe (36) • Us1ng the mrapolated 1rrtercepts (at t = 0) 

and the slopes of the f1Dal. portions of the wuhout CU1"V8S they oal.culated 

the ~ract1OD&l vutUation and perfusion of the poorly vent1lated space. By 

• • 
an approaoh very s'wi'ar to tbat of Fin1ey. th.,. WO oaloulated. the vJ./Q of 

• • 
the slow~ vent11ated space in relation to overall Yj./Q. In normal. .ubjeots 

they fcnmd that the poorly ventUated spaoe reoeived small fractions of both 
• • 

the cmtrall ventilation &Di perfusion and that its Y j./Q wu about ~ of the 

overall. The.e differences are not great; by this method it JIlU8t be cono1uded 

that the poorly ftntilated spaoe ha.a trivial. effects on gas exchange in nor­

mals. The s.. group then stlXlied a group of child astbIIatics (41) who un­

fortunately vere not we11 characterised in terms of overall pulmonary funo-

tian. However, even in "mild" cases they foUDi the relative ventilation of 

the slow spaoe to be slightly 1ncreased am the relative perfusion of the 
• • 

slow space to be oonsiderably 1ncreased. The V j.1 Q of the slow spaoe wu 
• • 

10 - 3~ that of the overall vj./Q. They conc1uded that the slow space 1fI.8 

• • 
relatively large even in "mUd" asthmatics axn tbat it had rather low YJQ. 

LenfaDt am Pace (42). studying patients vith empbyaema, cambined N2 

washout trlth measurements of l1t ' DelL. am D~. Anal.yziDg the washout ourve 
2 -~ • 

he d.efined three ocmpartments acoo1'd1ng to y,jv am ass1DDed that thase cam-

partments _re hOlllogenuoasly vent1lated ao:l perfused. The cOllp&rblent v.l.th 
• 

the lonst vj./v wu assigned responsibility for the ~ , the best ventilated 
2 



cœçartaaDt wu _aacl to he 1'88poœible tor the Dco2• hOlliDg the veDt1la­

tion ot the slowest cœparbleDt, it wu possible to caloulate traa the l1t
2 • • 

the perfusion am, the1'8to1'8, the vA/Q ot this ccspart.-Dt. S1m1lar quanti-

tation of blood nOIr te tbe best wDti1ated camparl:MDt wu possible based 

on the .... ured D~. The zoe-1zr:1ng ccspart.-Dt wu aBsu.d to be 1'88pon­

sible tor no alveolar-arter1al ditte1'8nce. A series ot patients 1Ii'th npbr 

SO& _1'8 graded according to symptau am stwl1ed 1Ii'th the above .thod. 

The aoat severely 111 group gave results which 1181'8 in excellent agree_nt 

w1'th th08e ot Briscoe(38) wben the badly ventilated ccspart.-nt wu ccmsic1erecl. 
• • 

Again the en:reM dispersion ot vj,/Q in tbis disease vas c:lelIloœtrated. js 

ventilatory tuncticm became recluced, the secODi or DOmal ccspart.-Dt became 

naller am bath the over-ventilated am the over-pertased CODIp&rbIents be­

came larger, particularly the latter. 

Perhaps the teature COImIlOD to all tbese techniques 18 their ingenuity • 

.AU bave contributed to our lmowledge ot gas axcbaDge either in nomals or 

patients. However, an these methods 1181'8 torced to ccmstruct modela ot the 

lung; they described the lung as bebaving as if the description p:reseDted 

1181'8 true. No claim could be made that the description per se vas valide 

Further, these approacbes. partic1Üarly in normal subjects. did not in general 
• • 

give insights into the mechanistœ respODSible for variations in VJQ. 

Fi nal J y, in patients wi th disease the geographio or anatomical distribution 

of malt1mction may 'he of inte1'8st; these techniques did not yield this in-

formation. 



The ... t direct _thod of at~ ODe area ot 1ung .. d1IIt1Dct trea 

othel'll 18 s1Jlpq to _mm] .te the appl'Op1"1ate a1rwq aDd lI&ke ~ via 

the oamm].. Thoagh suah _~ bad 'he. 1I&de(43) pbpio1og1oa11111e ot 

the teolmiqu iD h-.- as Ilot meDSive UDt1l Carle. devel.opecl &Il eDlo­

tracheal tube wb10h .epuated the airwq8 ot the right &Di l.ett 11mg(44). Sub­

.equentq, CarleDS (4,5) &Di YOUIlg am lfartin (46) deve10ped oatl1etel'll oapable 

ot separat1Dg the right upper lobe rrc. the rlght lI1dcU.e am lonr lobes, .. 

_11 .. the right trcII the lert 1ag. W1.th suoh tubes iD place ftDt11atiOJl, 

iD.rt gas vuhout aD! ap1red &Di alveolar pses oould 'he _asved trca the 

l80lated lobe or lobes (45-48); ocmol.œicms ocnüd be clra1m regardiDg the rela-
• • 

tin ventilation, pertuaion &Dl VI./Q ot e.oh lobe. The aost ocmsisterlt aD! 

str1ld.Dg find1 Dg ot th... st1ld1.es wu that the distribution of botb nDt11a­

tion aDd perfusion _re grarlt7 depeDiellt. If' the subject 1q on h1s lett side, 
• • 

the 1eft 1ung bad greater ftDt11ation, greater pertuion aDd a lower VI./Q 

than did the rlght. This situation as reversed b7 tuming the sllbject to 

his rlght aide. III st1ld1.es ot the rlght upper lobe, th1a lobe daoDlltrated 
• • 

relati~ 10. ventilation am pertusion am high VI./Q wben the subject as 

ereet. When the subject wu sup1ne d:itterenoes 'het1l8eD the right upper lobe 

aDd the rem.
' 
mer ot the rlght 1ung beoue illich less. These studiu, thell, 

oonsistentq showed that depeDdeDt a1'8&8 or the 1ung _re re1atiT8q onr ven­

tilated iD relation to their vol .. aD! .. re to a greater ment Oftr-perfased 
• • 

in relation to their velDe, :ruu1t1.ng in 10. VI./Q. Superior areas ot the 

1ung, irrespectiT8 ot body position. _re UDierventilated, oonsiderabq acre 
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TUee are ao.t 1Dpll1ou 8t1lli1u aDd 1t JII7 be sa1d. tbat .t.u... 1I1th 

l'Idioaoti". CU" ha.,. cle'AClUtratecl little in regard to DOzw.l regiGDallac 

:t1mot1on tbat had Dot beeD antic1patecl on the buis of uper1Ml1ts ut1 ]1.1Dg 

brcmch08p1r-.t17. HOIIIIftr. brcmch08p1l'C1Mt17 is a tr.J1ng teclm1que. d1tt101Üt 

for both nbject &DI G:ptrDeDter. Separation of lobes. thoagh adldrable :rr­
a surg1cal point of Yin ..... pel'hape Dot optial ~1olog1oaJ..q s1Doe lobe. 

are larg. &DI are Dot orientecl preo1se~ 111 relation to graYitatiODal t.1elds. 

The advellt of radioactive PS" wu a distinct advance in the st11d1' of 

regiOD&l lung faDct1cm. It had beeD obviou frcII studi.. of other orpDS that 

if a radioactive gu ooald be lIItroduoed lnto the lUDg aDd 1ts oonoelltration 

_uured b.Y .xt..ma]. radiation c1etection dnic ... a great c1eal of 1DtOl'll&tion 

would beocae available regarding reg1cmal lung tanct1011. The particul.ar f1mc­

ticms .&8Ul"8Cl vould depeul on properties of the gu &Di the 1fQ8 in which 1t 

wu adm1 n1 stered to the lung. The 11lII1taticms of the regicm studied would de­

peul on the power of resolution of the detector uaployed. Though the earl1e.~ 

exper1mel1tal work iDvolviJJg radioactive gu .. 111 h1DWl8 vas that of 1111pp1mg(49). 

the t1rst m8ll8ive series of quantitati.,. experiMnts or1g1nated trœ the group 

at HalIIIIIersmth Hospital who used 150 (,50-53). 

Radioactive 150 wu produoecl by cyclotron &Dl aillee it had a halt l:1te 

of 2 11111.. i t had to be utilhed 1wed1 ately &Dl 111 close prox1Jd. ty to the 

cyolotron. Its ellission vas a positron which iD tlU"ll u.ed1ately prc:xiuced 

tvo g ... nys each 1I1th energy levels of .55 MEV (Mga el.ectron volts). These 

two gaJlll& ~ traveled 111 opposite d1rect1cms. i.e •• with an angle of 1800 

relative to .. oh other. They veN 4etected vith ao1lltil.laticm oounters placed 

opposite each other over the front &Dl back. of the cheR. The oounters vere 

set in such a 1Iq that only radiaticms arl"i'rillg at bath ooanters siJnù.taneoualy 
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_1"8 reoorded. This arrugemeut. 0111] ed co1Do1dence cOlllltiDg. gaaraDteed tbat 

aU 1"eCorded radiation eveDte had occurred in the cyl.1Dder ot t1asue bet1reeD 

the tvo cOllDtere. giving excellent spatial resolution. 

Thoagh the s...rell1.th groap or1g:tne1lY' u.ed 150 (50) aDl c150 (51) as 

_11, aoet' ct their 1çortant clata .... geDerated ue1Dg c15~ (,52,5:3) 1Ib1ch wu 

produced by pass1Dg 150 over heated charcoal. 

The subject wu v."'ned seated 1I1th c01D1tere &l'l"UIged at equal haight8 

onr the tront aDd back ot the chen. Be took a s~ 1 L. iD8p1ration tra 

a bag cont.1 ni ng the test gas aDi then held hie b:reath 1Ih1l.ti iDtrapnl"".17 

count rates _re reoorded. Fig. 12 presente a schuatic repreeeDtation ot a 

record trea paral..lel (tront aDd back) cCRll1tere. COUDt rate roUes 3.~ to 

a peak as the eubject iDephoe. am then talle as the b:reath 18 held. the iso­

tope being taken l1.p b7 the Pu.lmona17 oirculation am reaoved tram the oountiDg 

field. The rate or tan ot count rate appeared to be GpODeDtia1 am was 1"8la­

ted to the bloocl nov per unit volume in the counter field. When th1s exponen­

tial vas back-extrapolated to t = 0, the increase in ccnmt. rate due to the in­

spired isotope vas cClDpUted. This increase vas 1"8lated to the amount ot ven­

tilation reoeived by the lung in the counter field. This could be coçarecl to 

data fram other lung regions &Di the ventilation of one lung region relative 

to another vu ass.sed. Thua, a single breath of isotope, resultiDg in a 

trivial amount ot radiation dosage, wu su:tfioient to map the regional dis­

tributions ot ventilation and of perf'usion par unit vo11Dll8. In order to lI&p 

• • 
the distribution of vAl Q sœe rurther mampulation of the data vas reqtdred • 

• 
The rate or tail of regional count rate during breath-hold wu related to Q/V 

but the initial increa.se of regional count rate wu related to ventilation per 

se not ventilation per unit volume. Thus. two lung regicms vith difterent 
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Fig. 12. S~ated record of 1DlBlation of o1~02. Data. vere ga:t.hered .. 
trClll paired sointil1ation oounters positioned at the same borizOJrl;s.l 

1eve1 ~ the ereot subjeot. At ts 0 the aubjeet inspired isotope, caus1ng 

a rapid rue in oount rate. During the subsequent 10 secand breath bo1d_ 

oount rate fe11 due 100 b100d uptake of the isotope. 
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volumes but the s_ ventilati0D8 would aecnumlate the s .. uaoant ot C1SOz 

vith a breath ot the ps, aM by def'1rd.tion, these two regions wcnùd not haft 
• • 

the s .. ventilation par tmit volume. In order to eoçute reg1cmal VA/Q, theDJ 

SOll8 est1u.t. had to be JU.de ot regicmal vol..... tbat 18 to sq ot the l1DJg .. 
volume .. k1 ng up the oOQDting field. Beoaue eo1Do1dence eomtiDg wu ued. 

the precise diaMter ot the cy-l.1D:lr1oa1 ooanting ·field wu oonstant aDi mOllD. 
There reained theD ~ the probl.ea ot est1Bating the l.ength ot the cy-l1D:ler 

inTolftCi. This..... dcme by positiord.ng the eoanters iD stamard tashion aJId 

by Jl8asurlng at the approprlate positions the antero-pœt8rlor ~ter ot the 

internal chest wall ot oadavera. Vith this estillate of· regicmal TOlae, reg1cmal 

Fig. 13 presents data gathered in tbis tuh10n tor n01'lla1 erect subjects • 
• 

It vi11 he noted that regional Q/V mereues draDatie~ trom apex to base 

in roughly l.inear tashion; the extrema lung apex appears to be Tirt~ 1mder-
• 

pertused. Regional V A/V also inoreaaes tl"Olll apex to base but in muah .ore 
• • 

gradual tuh1on. Regional V A/Q, as a result. vas very bigh at the apex am 
• • 

deoreasad steadi~ as the base vas approached; VA/Q vent through a tive-told 

variation tram top to bottam of the l1mg. On the basis ot thue data. a model 

ot the lung ..... eODStl"llcted(S2..53). It wu ass1Dll8d that the ~ difterenoea 

in ventilation and per:tusion mstecl in the vertical dll'eotion; reasonable values 

tor regionaJ. lung vollDll8s. carcliao output am overa11 alveolar ventilation 1I8re 
. 

also &8slDll8d. Coabining tbese &Ssumptions with the O2 - c~ diagram, and the 

data ot Fig. 13. gas tensions. respiratory quotients. am blooc:l pH _re aU 

calculated tor val"ious lev.ls or s110es up am down the lung. ID addition, by 

comMn1 ng the s11~ overall alveolar am arter1al gas tenSions and resulting 

DCO ,DO and n._ _re computed. and it was toum that t.h1s model accounted tor 
2 2 -N2 ' 
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Fig. 1'. Regional lung tUDCtion in erect DDrmal.e as ~~d vith ,}'92-
1 

Ordinatea. i,l/Q (aol1cl l:iDe), 'V8ntl1ation per unit 'l'ol~ (~ehed"l1De), 

and. perfusion per unit ToI,.. (dotted l1ne). Abaciasa. diatance tram 

lung apex (0 cm) to lung base (25 cm). 
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virtualq aU the DCO ' the ~ mi the Dn.. (excluive or that thoaght to be 
2 2 -4G 

due to venoarterial sh1DltiDg) whioh had been prev!ouq ... urect iD ereot DOr-
-
lI8.l subjecta. 

It would be diftiC1Ùt to Oftr-eat1ate th. iIIportaDce ot tbis vork; these 

papers are olusios &Di will reJI&iD so. Thq gave the tirst oleu, 1Dii8putable 

eviclence ot the distribution arxl magrrltllde ot re81 (as opposed to oOlllpa1"t.Dtal) 

variations or gas exabaDge tunct1cm iD th. DOmal l'ange Farther, thq ewpblrised 

gravit,. as ODe ot the IIlO8t important det.1"II11w1ts ot this variation'. rus oleared 

th • ...,. ror ls~ter stu:iies ot the _ohards_ 1Ih1oh produoed these variations. 

Neverthel.ess, this approaoh had SOM drawbaoks, the JIlO8t obvions beiJJg that De­

cause ot its Ihort halt lite use of c1502 wu ditticult am expansive. SiDoe 

the ilotope vas 1nba'ed, detection ot regiODS vith low ventilation am re1atiTe~ 
b1gh blood nov wu ditticu1t. The volume ass1D!ption neoessary to the oœputa-

• • 
tion ot regional VA/Q oould not always be Dade vith preouion. F'n.1]Y', the 

mthod wu unsu1ted tor q1Wltitative stu:l;r ot aost patients vith lung disease, 
• • 

bath beoause ot the ditrioult,. in deteoting regions with lev VA/Q, am beoause 

or the single-breath maDeuver iDvolved. Host patients vith chrcmio lung dis ... e 

exb1bit gross~ uneven distribution ot ventilation throaghout the lung. rus 

is probably beoause the :aaecbaDioal charaote1"1lUos ot various parts or the lung 

are gl"08S~ ditrerent so that they respoœ ditteren~ to the SIll8 change in 

(pleural) pressure 81"OU1Xi thea. It bas be.n shown in JDecbaDioal and eleotrioal 

lung analogs that the distribution ot ventilation among tel'll1nal. unite depeDds 

on their relative resistanoe (CIl ~O/L/seo) am oompliance (L/s ~O) ot the 

unite(S4). More spec1tioall.;y, ventriaUcm distribution depeMi on the ~roduct 

or resistanoe and complianoe, or tiM oonstant, ot eaoh unit. When t:bIe oon-

staDts vary great~ trom unit to unit, ventilation distribution 18 tmn8D. 



c:lepeDdeDt cm the tNq1l8D07 ot breath1Dg or the 1œp1rat017 n .. rate. 'lhere­

tON. Da a patieDt with ohroD1c lUDg d18 .... 18 .t1ld1ed uiDg .iDgl.e breath 

tecbD:1q ... the expera.nter raDS the rUk ot en .. mng • breath aDd a ftDtila­

tion c:l18tribut1on wh1ah are iD no 1IQ' typioal of the patient'. uual pertcmaanoe. 

Pree1se control ot 1mp1rato17 nOIr rate during siDgle breath aIleU'ftrs 18 aoet 

dittieult. 

V.~ socm alter experilleDts uirlg c1502 • .,1 .. ],1" reaults _re reported 

wh1ch _re derincl u1Dg anotber radiactift gu, 13\e(55). This 18otope wu 

pUe produced and bas • half l.1f. ot 5.3 da;ya .0 that it wu relatively cheap 

and e .. ily traœported. It eJI1tted g.-a l"QB ot tvo energie •• one or approxi­

_tely 30 lEV (ld.lo electron volts) and ODe or 80 lEV. Thoagh these _1'8 re1a­

tively lo.-energy radiations they could easily be acm1tored by extel'llally placecl 

scintillation cOUDters. Beeause ooinoidence coantirlg eould not be used, .patial 

resolution vu aohieved by collimation - by liIdting the pos.ible aJJgles ot 
13:3. 

incidence ot g ..... ra.Y8 on the d.tector. Xe 18 relatively iDsolubl. so that 

.en 1nb,]ed, relativeq l1tt1e wu taken up by the bloocl. ID 19.56, KD:1pp1ng(49) 

had reoogJJ1sed the potential usetûlne •• ot 133x. tor tagging ventilation and 

tbis group bas .inee usecl isotope extensively as a diagnostio tool. HOII8ver, 

the use ot 133xe as a physiologie tocl wu introduced by a Montreal group(60) 

who made tllO very signifioant additions to Knipping' s approaoh. First, they 
133 

developed a teohn1que tor detel"lI'h rlng regional Xe ooncentration and .eeODd, 

they ued the i.otope to lI8&8Ul"8 1'8gicmal pertusion distribution. 

The ol"llcial &tep in the use of 133xe wu the eoDftrsion ot the 1"&. data 

lIhioh _1'8 reg10nal oount l''&te.. into regional oonoentrations. .l .asured 
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Ng1OD&l ooœrt rate (u) 18 a repruentaticm or the amoant or 18otope iD a lUDg 

region. The lIII01Ult or isotope is equal to tts ocmceDtraticm (lA) IIIIltipliecl 

'b7 the reg1on's Tol,... .An additiODal f'actor ()\ ) 1s JJeeclecl to aoooant f'or 

radiation absorpticm aDd the g ... tl7 of' the regicm. Th_ : 

II-18 

133 
The Hontreal group reaacmed that aiDee le wu not V817 .ter soluble, a .uh-

133 
ject ooald rebreathe 1. f'r_ a oloeecl oirouit unt1l equilibr111l1 wu reaohed.. 

133 
In other vord8 if' a nbject rebreathed le f'roa a ocmatant velue spirOMter 
133 133 

le oonoeDtraticma in the spiraeter would f'all aDd Xe oonoeDtraticma iD 

the l1mgs 1I01Üd rise, and, if' no isotope are talœn up by the blood, ooncer 

traticma iD the sp11"Q18ter aDd all l1mg regions wou1cl eveDtually be equal aDCi 

UIlobang1ng. Sp1l'OMter ocmoeDtratiOll (iD WJ/L) oould be Jl8uU1'8Cl eaa~ so, 

arter equilibrat1on. equation II-18 wu rewr1tten: 

This is the s ... expression as eq. II-18 except that the subaoript f: denotes 

that the measurements W8re made atter equ111brat1on. 
133 

If' then a subjeot wre to talœ a single breath of' gas oont.a:iD:1.llg Xe, 

am. regional ocnmt rates wre ... ured af'ter the breath. eq. 1 appl1ecl to theae 

oount rates. If' the subject vere then eq1Jil1brated mi reg10nal oount rates 

again .asured equat10n 2 appl1ed. If' the tvo sets of' ooœrt rates _re .aaured 

at the s_ overall l1U1g Tol1D1e, then V = ~ aDd A =}\f,. • Then, oœbining 

equat10ns II-18 am. II-19: 



13:3 
The :regicmal oonoeDtraticma ot X. ru1Ùti12g rr.. th. iDit1al .1Dgle breath 

ot the i.otope .. re thu mOWll. 

Tl» --.nreMDt ot per!1l8icm di8tribat1on wu aooc.pl1.hecl b7 1DtraftDou 

iDjeotion ot bol1 ot 13\. d1a.olftd iD aaliM. It wu posaible to dia.ol.,.. 

s.veral ., ot the isotope iD 5 - 10 00 ot sal1De w1th ..... but when the iDjected 
1D 

aterial arr1wd iD the pal.aoDary capu'.riea. the .olu1:xUit;y ot le d:1ctatecl 

that 90-9~ ct the isotope p .. aecliDto the alftolar gaa vhere ita ocmceDtration 

could 'he _asured b;y regional cOUDtera. Th1a conceDtration wu ahown to repres.Dt 
• 

reg1cma1 bloccl nov per unit reg1cmallœg gas Tel,.. (QlV). 
133 

le injectiODa. when coab1Ded vith data trœ rebreath1ng. allowcl _pp1Dc 
• 133 

ot the reg1cmal diatribution ot Qlv. Sinee reg1cmal cCDC.DtratiODa ot le 

a.f'ter a aiDgle breath ot the iaotope _re relatecl to veDt1lation par lmit volue. 
• • 

00llbiniDg the.e maneuvera pandtted calc1Ü.ation ot reg10nal V A/Q. Ear~ york 
133 

vith Xe conf'il'lled that ot the Hallllersll1th group in that perfusion na tound 

to increase 8harp~ tre. apex to base, vith ventilation ahowing a lesa str1ld.JJg 

increase, and VA/Q decreasing progre8sive~ trca apex to base(SS). The ~ 
133 

d1acrepaDC7 bet.en the t1l'O aets ot rea1Üts wu that le .tudiu ahowed 8l:1gh~ 

lowar apical VA/Q thaD d1d thOle oing c1S02 • Thia na due to higher values 
• 133 133 

tor apical Qlv as measured vith Xe. RepreseDtati'ft reaulta ot 1. atudi.s 
(56) 

are ahown in Fig. 14. Subsequent var.laticma in _thod resul.tecl in 81 w1 1.ar 

data. The Montreal group showed that the d1atr.l.buticma ot both ventilation aD! 

perfusion bec .. sClll8llhat more even vith exeraise and that apex-to-baae ditt.renou 

in reg10nal ventilation &Di pertuaion c:l1.sappearecl when the aubject lay aup1lle (57). 
133 

Because ot the ease vith 1Ih1ch Xe uy be obtaiDed am· uaed.. the approach 

outl1ned above (or a l.ineal desceMant ot it) haB been uaed vith 1ncreasing tre­

quenC7 in the atudy ot nonBal am diaeased l1mgs. BaturaJ.:b". objections to thes. 
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Fig. 14. Regional. lung funo'tlo11"tn erect nonœl..a as assessed with 13~. 
• • 

Ordinatesl V~Q (solü l1œ), wntllatiOl1 per uni~ volume (VI' dasbed 

line), and perfusion per unit vo1œe t'QI' dotted liDe). Absoissai 

distanoe hem lung apex (0 cm) to 1ung base (25 om). 
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• • 
tore, v"/Q .. re _uured duriDg • a1mgà breath IlaMUftr, aM the ~Dt 

.ppl1ed to a1Jlgl.e bre.th .... ~ vith c1502 .ppl1ed vith equal torce beN. 

other eq~ aerious liaitaticms ot th1a _thocl oould be oitee! here but 1Iil1 

be dealt vith as they &1"1se iD the pre.ent.tion ot the _thoda ued iD the a:­

peraenta desoribed iD thi. the.is. 

To au.arise, an _thocls 'ot stud1' ot regional lUDg 1'lmction disouaed 

.bcmt baYe been renrd1Dg aM an present dittioultiea. BronchospirCMtr,y, 

wh:lle yield1Dg exact, .bsolute Nsults of o1iD1oal 'igDifiO&Doe as regal'da p~ 

Bible .urgioal therap;y i. by i ts Dat1U'e 11lI1 ted to the atudy ot lobe. or lUDgS; 

turther gec.etrio detin:ition 18 iJIIpossible am the _thocl ia dittioult bath tor 

subject aM in .... tig.tor. Radio-1sotopio st1li1ea ot Ngicmal lung 1'lmotion wre 

sillp1er aM ottered greater gea.trio re.olution. Bonver, Nsults WN re1atiYe 
• • 

rather than absolute. RegiODal v"/Q 1I8N d.rived f'roa 8eparata _as~ ot 

ventilation am perfusion distribution aM depeDded on .ingle breath .uure­

_nta. Wh:Ue the.e ~~!"':'~~!:!.~~ yere p!'Obably' valid iD nomal iMi viduals their 

aoouracy oould be questioned in diseased lungs. The tollowing seotiOJl w1ll 

describe _thoda tor approach1ng Ngional lung tanction which theoretioa1.l1' 

otter greater quantitative aoouracy, part1cular~ in diaeased lunga. 
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III. 'NEW JPPROJ.CH TO THE STtmY OF RmIONAL cas EXCHANGE 

1. TH80RY 

In tb1s section, the theoret1ca1 bacql'Omi ot our I118&SU1"eDI8Dl;s ot 

regional lUDg tunct10n are presented. Assumptions 1mlerentin these argu­

ments are noted aDi their importance assessed. In some instances, oorrec­

tions tor 'Violations ot the assumpt10ns are nated. Furt.her consideration 

ot spec1t1o sources ot error w:Ul appear in other. more appropria te sections 

ot th1s thesis. 

• • 
a. HeasuremeDt ot Regional V,/Q 

133 
It a dissolved gas suoh as Xe 1& 1nfused iDtravenously at a oon-

stant rate. at some point in time exchange ot the gas in aU lUl'lg regions 
133 

w1ll attain steady &tate coMitions. That 1& to say. the amount ot Xe 

entering the lung region via the m:i.xed venous blood will equal the amount 
133 

of Xe 1eaving the region via the airway am the arterial (pulmcmary 

venous) blood: 
• • • 

III-l 

• • 
where Q 1& regional blood nov. VA 1& regional veDtilation. FAn 1s regional 
lD 1D f 

Xe concentration during Xe infusion. CV 1s mixed venous 33xe con-
133 (5S)" 

c8ntration am ~ is the solublli ty coefficient for Xe ~ 

Rearranged : 

F'P = III-2 

Obviously. if F'P -:n :v (which is the same for aU lung ragions) could he 

measured. regional vA/Q could he determined umer steady state cODiitions. 

62 



Unf'ort1mate~, extemal scintillation counters .asU1'e regional ccnmt rate, 

DOt reg1cmal. concentration, am the conversion of coUDt rate to concentra-

tion requires an additional procedure. 
1)) 

Ir a subject inhales gas cont.
'
n'ng a fixed concentration of Xe, 

regional count rates, am, therefore, regicmal concentrations, w:Ul nentu­

al.ly' beCClle constant in relation to time. UMer these circustaDces, regicmal 
1)) 

Xe exchaDge again lII8Y he descr:1.bed in 8teady s'tate te1'll8: 

• • • 
FI VA = FAt VA + FAt"'" Q m-) 

1)) 1)3 
vhere FI 18 inspired Xe concentration, FAt i8 regional Xe concentra-

• • 
tion, VA ia regional ventilation, Q 1& regional perfusion and '" is the 

133 
aolubility coefficient for Xe. 

Rearranged. : • • 
FI VA/Q 

• • 
VA/Q + 0( 

F't = m-4 

Regional concentration (F.1) i8 re1ated to regional count rate (U) by 

a proportionality constant including regional volume (V) am a factor ()\ ) 

including geometrical considerations am radiation absorption (55) : 

u = m-s 
133 

Regional count rate lII8Y be measured twice, once during Xe infusion 
133 

(Up) am once during Xe inhalation (Ui). If the me&8U1'ements are made 

at the 881118 lung volume t V and ~ are the same in each instance am: 

III-6 



If equatiODll m-2 and m-4 are substituted iDto equation m-6 &Di the 
• • 

vhole solved tor VA,/Q: 

1: m-7 

• • Sinee an quantities on the right ot eq. m-7 are Muurable. regicmal VA,/Q 

UDder nomal steady astate ocmditioDS u;y theoreti~ be caloulated. 

A.ppl1cation of the _thod suggested by the abave argument resta on a 

number of assumptions and approximations whioh. for the sake of simplioit,.. 

are listed belov am ccms1dered in detai! in subsequent paragraphs. 

1) Regicmal inspi1'ed ventilation RB &8sumed equal to regicmal expired 

veDtilation (eq. TII-3). 

2) Gaseous equilibrl1Dl betveen alveolar gas and capillary blood was 

usumed. 
133 

3) The effect of Xe reinspired from the dead spaoe vas negleoted. 
133 

4) It was assœaed that none of the Xe leaving the lungs in the pul-

monary venous blood reciroulated to the lung from the perlphery. 

5) It wu asslJlled that regional steady states could be atta1ned by' 133 
Xe inrllSion and inhalation within reasonab1e time and dose 11m1.ts. 

6) In addition, it bas been foum impraotical to comuct experiments 
133 133 involviDg open circuit (constant FI) Xe inhalation..A, Xe re-

breathing procedure bas been substituted • 
• 

Inspired ventilation (VI) is equa! to expired ventilation only when O2 • • • • uptake (Vo ) equals e02 output (Ven.): when R = 1. When R <1. V.A,< VI 2 -~ • 
an:i as R beo0JD8a sllal1er tbis difference beoomes larger sinoe V co becomes • 2 
smaller in relation to V~. This effect best may he examined in terms of N2 : 
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• • 
VI PIN2 = VA P Atl

2 
m-a 

where P
IN2 

1& 1DBpired N2 tension am P 'N
2 

is expired 52 teœion. It ou 

be SNn frca the N2 - CO2 diagram (Fig. 3) that there oan 'he a max1JmJ11 dit-
• • 

ferenoe between ~I (room air) and p,.. (vA/Q = 0) of about 100 lIIIIHg or 1~. 
N2 -r42 

Th:i8 18 a gross over estimate of 1Ihat is in faot l.ike~; in al1 but the II08t 
• • 

extrema casesJ 1 . .:.;~ 88sumi.J2g V! = VA' does not irrtroduoe an errer of more than 

1~. It should be noted that eq. III-7 oan be converted to: 

m-9 

• • 
in lihich no 88s1Dllption 1& made in regard to equality betW8en VI am VA. 

• • • 
However, VI/Q is an unfamiliar term am since VA is usuall.y vert' olose to 
• 
VI we have not made this modification. 

133 
The assumption of Xe equilibrium betwaen alveolar gas and arterial 

blood is almost certainl.y valide Because of its solubility, the pulmonary 

diffusing capacity for 133 Xe 18 higher than that for CO aJXl O
2 

(59). This • 

coup1ed vith the very small volumes of the gas which are transferred, makes 

it most un11ke~ that an alveolo-capillary gradient could exist, even in 
(2) 

the presence of disease • 
133 

Durlng both Xe inhalation am infusion, at the em of each expiration 
133 

respiratory dead space gas contains Xe lIhich 1& subsequent~ reinspired. 

This was not considered abave, am to deal vith this prob1em quantitative~ 
133 

i t is necessary to lmow the volume, Xe ooncentration aM distribution of 

dead space gu. In normal subjects it is possible to estimate these quanti-

ties am th1s problem will be dealt vith in detail when results from nol'llal. 

subjects are introduced. Unrortunately, the Sallie approach 18 impossible in 
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IIlm abnol'll&l lungs, and quantitation ot the effect ot 1'81Dsp1red dead spaoe 

gas 18 neg1ected. M vill he shown, suoh negl.eot causes lIDierest!ation ot 
• • 

regicmal ditterences in VA/Q. 
1)) 

Sinee Xe does leave the lungs via the pa'-anal? veDOUS blood, it is 

11kely tbat SCIlle ot thi8 isotope retums to the lungs tl'OJl the perlphe17 
1)) 

duriJlg x. intuion and rebreatbiDg. If the amount of tb1s 1'8c1rcul.ating 

isotope 18 oonstant or nearly so, eq. III-1 am eq. III-) may he mod.1fied: 

• • • • 
III-10 

• • • • 
Q CVi + FI VA = F ~ VA. + F ~ ~ Q III-11 

where C~p is the Ddxed venous oOllOentration of reoiroulating isotope durillg 
1)) 

Xe infusion and Ci is the m1xed venous ooncentration of reoirculating 
133 i 

isotope during Xe inhalation. 
• • 

Regional V A,/Q then beoomes: 

•• Ci FA:t + CVp F~ - CVi F~ 
vA/Q = III-12 

Fr F~ 

133 
In theory reciroulating m1xed venous Xe ooncentrations <c.p ' Cv

i
) are 

13) 
related to arterial (pulmonary venous) Xe conoentrations (FA{' • F Ai Olt( ) 

by a transfer tunction (t) representing the peripheral uptake and release 

of isotope. This transter funotion i8 1n:ieperdent ot whether the arterial 
133 

Xe originated fram inha' ation or infusion. Thus. CVp = f F ~ am 
CVi = t FJ.itA • If these expressions are substituted into eq. III-12. it 1Iill 

he seen that the reoirculation tel'llS oanoel eaoh other and it reverts to 

eq. III-7. 
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Thia iDtoxioating exerc1se 18 not repreaentative ot the whole truth, 
• • 

howver. Since reg10Dal VJQ vary, lII1Dd arterial am reoirculat1rJg ",pd 

133 
venous oonoeDtraticma v:Ul be related to overall _an alveolar Xe oon-

oentraticms, &Di theae v:Ul not neoea8~ be the a .. as the conoeDtration 

in &DY one region (FL , F~) ahown in eq. m-12. Thus, it Oan be a&id that 
-p 133 

wh1le the ettecta ot reoirou1ation dur1Dg Xe 1ntuaion &Di 1M.l.tion t8m 

to cancel each otber out, tb1a prooeaa i8 not necea8~ oomplete. Speoitio 

intomation in :regard to the problea ot recirculation 18 needed. 
iD (~) 

Peripb.eral Xe uptake wu 8tutied in our laboratory • Three pa-

tients vith mitral atenoaia who were UDiergoing left heart oathet8risation 
133 

had Xe intUBed iDto the aortio root. Braoh1al arlery blood am pv'wonary 

artery (m1.xed venoua) blood W8re 8ampled oontinucualy. Atter 5 min. ot in-
1J3 

tuaion, mi.xec1 vencua Xe ooncentration wu JO - 5CJ1, ot the arterial level 

and atter 10 min., the mi xed venoua level vas 50 - 7"" ot the arterial. In 

eaah instance the m1.xed venous conoentration wu 1ncreasing les8 than 1CJ1, 

per minute. There is no reason to bel1eve that norul aubjeots or patieDts 

vith lung disease would ditter trom these patients with mitral stenoe1,s. 
1JJ 

Howver, wben Xe i8 inhaled or intused iDtravenously, arlerial oonoen-

trations do not rise to steady state levels as tast as vas the case with 
1JJ 

aorlic inf'u8ion. Theretore, atter 5 min. ot Xe inhalation or l. V. in-
1JJ 

:tusion. recirculating Xe concentrations are probably nearer 3"" than 5"" 
1JJ 

ot arlerial concentrations; similarly atter 10 min. ot Xe inhalation or 

l. V. infusion recirculating Jdxed venous concentrations are probably about 

5"" ot the arterial levels. 
1JJ 

If' it is assu:med tbat reo1rculating Xe concentrations are a constaDt 
1JJ 

traction ot arterial Xe concentrations. the signif'icance ot recirculation 
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• • 
&8 regards measuraent ot regicmal V j,/Q then depeDd8 on arter1al Xe oonoen-

traticma. As illpl1ed by equaticms m-1 am m-3, alveolar and arter1al 
• • 

levels depeu.:l on VJQ. These equations are plotted. in Fig. 15, wbere alveolar 

concentrations are «Ç1"88sed as a traction of the appropr1ate input oonoen­

tration. It C&D 'he seen tbat FA: ' am tberetore, Ca-' 18 lIlUOh more seJll!Jitive 
• • p •• -li 

to VJQ than 18 FAt or C&i. Bet_en VJQ ot 0.1 am 1.0, C~ um.rg088 a 

tive-told change 1Ihile C&i undergoes a t .... told ahaDge. Becauae C~ 1noreuea 
• • • • 

so protOUDlly as V JQ de creas es , blood learlng low V J/Q regioJll!J DIQ' attain 

ver.v s1gn1ficant ooncentratioœ dur1ng infusion. For «reaple, in a region 
• • 

w:lth VA,/Q = O.~Ca...18 40.' of Cv (Fig. 15) and arter 10 1Iin. reoiroulating 
133 --II 

Xe ooncentratioœ may vell be 2~ of the ooncentration atte1 ned by the 

• • 
In subjects w:lth lOIr V,/Q regions, then, it 18 olear tbat Deglect of 

reo1rculating isotope may introduce sign:1t1cant error. We have dealt w:lth 
133 

tbis by l18asuriDg arterial Xe concentrations during 1nf'l1sion mi rebreathing, 
133 

am assumed tbat rec1rculating Xe concentrations are 5~ ot the arterial 

values. By appropria te substitution into eq. m-12: 

Cv Ui + 0.5 (Cap Ui - CSi Up ) 

III-13 
FI Up 

Failure to introduce this oorrect:1on for rec1rculation results in umar-
• • 

estimation of regional ditf'erences of VA,/Q, in partioular by overestimating 
• • 
VA,/Q in regions wbere this ratio is ver.v low. 

133 
If there vere no tillie 1iII1t on Xe infusion and "nh.l.tion, steady 

states would necessarily davelop in all lung regions. In pract1ce, however, 
133 

10 minute periods of' inf'usion am 1 nb.l.tian of' Xe in concentrations 
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Pige 15. Rëgioœl 1;~ concentrations ail a funotion of t:AlQ~ Ber;ioœl 

concent.rations duriDg iDfuaion (lAp) and durmg :1nhalation (P.Ait àre 
p10tted on the abscissa, each being expressed as 'a fraction of itB re­

spective bJput. Begicmal vAlQ is p1otte,d logarh)'tbmically on the 

ordinate. 



appropriate to e:xtemal ooautiDg ruults iD a oa.b1œd radiation dose to 

the 11mga of about 300 • rada. Wh1le th1s dose 18 b.r no meaœ prohibitive, 
133 

W8 woulcl not fee1 justitied in iDc:reasi12g 1t b.r pro10ngiJ2g the t:1Jlle of Xe 

expo8ure. Indeed, 5 m1mrte tille periods for iDtUa10n &Di inh.'.tion 1IOuld 

he preferable. It 18, ther&tore, iIIportaDt to ex'''ne the l1lœl1hood of 

ate.ty atate 00Di1t1cma ex1ati12g atter noh tiM perioda. This lIQ' he dcme 

by asS1Uld.ng that eaoh reg10n (or lUl1t) 18 homogeneoua-&D:iwll id.xH. UDd.r 
133 

theae o1rolDllStaDcea, ncm-at&ad1' &tate equaticma aq he wr1tten for Xe 

exchange dur1ng 1ntua1on: 

til, (~) V,: Q C;I - 'i!r.f Fi, +- 0. oct r-p m - ,·r 
aM 1 nb.' .tion: 

fAi ('t) V r ~ '9" - '\IRi: FRi. ~ Q ~ J." F;..: m - '5 
133 

wbere F~ (t) &Di FAp (t) repreaeJJt reg10nal Xe oODOeDtrati0D8 at U. t, 

during inb.',t1on &Di iDtUa1on, :N8p8ot1~. dt! .re V 18 rea1cmal 'fOlue. 

Theae equat10D8 mq he ditfereJJt1ated. am .ao1vecl:. :\ 

rRf' Ct) .. F"'f (..e) LI -f! -(""'" + ~..,," J-t] ID' -" 

- (VA/v ... G."'/v) i: l m "'7 
F,,~ (t)., fA .. (,,0) [. -c: .J 

133 
lIbere F Ap (-') am F ~ (..a) are regional Xe concentrations lIben t 18 

1nfin1ty, or when the steady atate is reacbed • 

.A.tta1 mpeJJt of steady state conditions within a giwn tilDe limit are 
• • • 

dependent. then, on the V.A./v am the ~ Iv of the region considered. If 

these values are 10. the tilDe necessary to reach steady state wlll be pro-

longecl. Quantitative use may be made of the abave relationships b.r choosing 
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• • 
~te V J/Q (ml, theretore, ~ atate conceDtraticms) ml r",d1 ng 

• • 
cœbinaticma ot VAIV aDd QlIC/v lIhich pel'll1t atta1 l11MDt ot approx1mate~ 

• • 
stead7 &tate corditions witb1n a tiJœd t1me. For a variety ot VA/Q, values 

• • 
ot VAIV m:l Q#<./v 'W8re tcnm:i lIhich _re ccapatible vith FA Ct) heing equal 

• • 
to 9~ ot final steady &tate conceDtrations. These values of V J./v ml Q oC Iv 

then _1"8 the 1011est values compatible vith 9~ approximation ot the st~ 

state vitb1n the stated t1JDe l1Dd.t. A serles o~wm values tor V A/v am 
• 
Q ~ Iv which app~ equal.ly well tor inhal ation ml 1ntwJion, are shOllll in 

Table 2. Tvo t1me perlods (,5m1.n. ml 10 min.) have heen used. Values tor 

the shorter t1me period are cœpared to those derived by West (53) tram study 

ot normal suh jecta. Because the theoretica1 ",., ni ma are 1ess than those 

measured by West. i t may he pred1cted that steady' states regarding regional 
133 

Xe exchange are readl1y obta1 nable vith 5 min. penods of inhalation 
• • 

am infusion. Figures for ""'nimal vA/v am Q tJ4/v when the t1me periods 

1nvolV8d are 10 min. show that suoh an 1ncrease in exposure may represent 

a usetul. extension of the method. 

The abave a.nalysis must, ot course, he regarded ~ as a usetul guide­

line Binee it did not consider rec1J.oculat1.ng isotope, or dead space re­

breathing am sinee it assumed that regio:lS vere homogeneousam:.w811Jdxed. 

While more sophisticated theoretica1 ana~is is possible, it would still 

he open to senous question. The question of the presence or absence ot 

steady state comitions can best he sett1ecl by exa",.,ning data; if regiond 

count rates are 8Ubstanti~ constant in relation to tille a steady state 

IllY he establ1shed; if not, the steady state cannot 'he present. 
133 

Haintain1ng FI constant during Xe inhalation demanda either compl1-

cated instrumentation or a large supp~ of air contai ni ng trace amounts of 
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TABLE 2. THEORETIOAL MIIIiIMA FOR ATTAINMENT OF THE STIADY 

STATE WITH 5 AND 10 MIN INFUSIONS OF l;;Xe. 
1 

/ 

vAlc! Min1ma for steady sta te Normal ru ue s 

vAiV Qlv • vAiv Q./V 

( t=5 min) 

;.0 0.45 0.15 1.00 O.;; 
1.0 0.40 0.40 1.67 1.67 

0.5 0.;5 0.70 2.00 4.00 

( t :10 min) 

;.0 0.2; 0.08 

1.0 0.20 0.20 

0.5 0.18 0.;5 

0.1 0.09 0.88 
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the isotope. We have fourxl neither of these alternatives to he praotical 

and, hence, have used. a closed circnt1t, or rebreathing technique of Xe jnbala-
133 

tion. When a subject rebreathes Xe fram a cODStant volume spirometer cit-
133 

cuit, spir<lll8ter Xe concentration decreases, at tirst rapidly, then slowly 

and finally appears to become constant. The initial decrelLde in concentration, 

whioh talœs 1 - 2 minutes in normals am rarely more than 8 - 9 minutes in 

abnomals. is, of course, due to m1xing or the isotope vith llUlg gas. .lf'ter 

this process is complete, bath regional am spirometer count rates appear 

constant; tvo descriptiODS of tb1s situation have heen proposed.. The tirst 

is that the subject, or at least bis lungs, are equilibrated.; concentrations 

throughout the patient's lungs equal the concentration in the circuit. The 

secom bypothesis is that pulmonary Xe uptake continues up in the pulmonary 

capillaries, but that the amount of this uptake is small in relation to the 
133 

amount of Xe in the spirometer so the spirometer concentration appears 

constant. We may examine these hypotheses by comparing them graphically. 
• • 

Fig. 16 pl~ V A,/Q against regional Xe concentrations (F ~) expressed as a 

fraction of inspired concentration (FI). If equilibration vere present 
• • 

F ~/FI = 1.0 whatever the V A/Q. If regional steady st~te~ vere present, 

however, F A:t must he considerably 1ess than FI at low V A/Q• Further. if 
• • 

steady states vere present in regions vith low VA/Q, the relatively low FA;t 

in such regions would limit uptake of isotope fram the spirometer, teMing 

to keep spirometer concentrations .CODStant. If it is assumed, then, that 

constant regional count rates durlng rebreathing should he interpreted. in 

terms of equilibration. serious errora may he made in regions with low 

• • (61) • • VJQ • In regions with high VJQ it would appear that equilibration 
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Fig. 16. R;gipœ.l. l;;Xe concentrations during steady state 1;'xe in­

halation. OrdiDates regional vAl~ p10tted logarhytbmical1y. Ahacusa, 

regional l;;Xe conceutration, expressed as a fraction of the inspired 

concentration. The ao1id 1ine repreaenta the situation vhen no a110wance 

la made for recirculatblg l;;xe, ville the dotted 1iDe indicates the 

effect of reoirculatilJg isotope (aee text). 
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BlaY be assaed vith little error. Fig. 16 oannot be 1nterpl" .. ted lite~, 

however. It vu plotted us1Jllling that iDspired 8q118"ed expired veDt1l.ation 

and that there wu no recirculat1ng isotope. .An example ot the ettect ot 

recirculation bas wo been plotted in Fig. 16. In the constructicm ot this 
1n . • 

curve, it wu usumad that the Dd.:xed arterial Xe level refiected a V.&!Q 

ot 1.0 and that the recirculating concentration vas sCJ!, ot this arter1al 

level. This represents a generous &IIlO1mt ot recirculation. A 1011er arterial 

levellldght have been aore realist1c, but the basic result re-p1M: at 
• • 
V A/Q = o.S the assumption ot equ:llibration IllY be in error by about 1~. 

• • • • 
Correcting the plot tor the tact that VA.(. VI' particular~ at lOIr VA/Q, 

vould have an ettect silldlar to, but small.er than, that ot recirculation. 
• • 

It may be conclllded, the, that when regional V JQ ~ 0.80, it makes 
133 

little difterence whether Xe rebreathing 18 interpreted as leading to 
• • 

the steady stata or to equilibrium. When VA,/Q are low ( < 0.60), however, 

the assmaption ot equilibrium ooMitions may be associated vith signifioant 

error. In this oase, interpretation of constant regional ccnmt rates during 

rebreatbing in tel'lDS of the steady state 1s probably more aoéurate. particu-

1arly if corrections for recirculat10n are made. 

To sUJlllllarise. a method bas been proposed tor the measurement of regional 
• • 
VA/Q in the steady state. The general approach 1s not new but relies on 

the well-known tact that in the steady state pulmonar,y gas concentrations 
• • 1JJ 

. are depement on VA!Q. If a steady state regarding pul.monar,y Xe exchange 
lJJ 

i5 1Muced, measurement of regional Xe concentrations allows caloulat1on 
• • 

of regional V JQ. Sucb steady states may be produoed either by infusing or 
1JJ 1JJ 

i Db" 1 ng Xe and È9n both are done in sequence regional Xe concentra-

tions lIIY be estimated. steady state ooMitions .ppear .tt"n8b1e in no~ 
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aM d1seased l&umans" The Ethocl as preseDted made a IlWIIber of assaptions 
• • 

Thoagb designed to me&Sure V,,/Q it, in fact, aBsesses 
• • 
VI/Q; the dif'fe:rence between the two 1& in most instances negl1g1ble. The 

133 
methocl as 1rd. t1all3' presented neglected the effect of Xe reinsp1red from 

the respiratory dead space: though corrections oan am will be made for th1s 

in the case of nomal. subjects tb1.s 1& not possible in most patients lIith 
133 

disease. The method as initja11y p:resented neglected the effect of Xe 

reoirculating fram the perlphery: th1s may influence results in an important 
• • 

vay when dealing vith inhomogeneous systems containing units lIith low VA/Q. 
133 

F1nally, closed circuit Xe rebreathing wu assessed; this procedure probably 

produoes oon:litions olose to those of the steady state aM will be treated 

as such. 

b. In:iepement Measurement of Regional Ventilation aM Perfusion 
Distribution 

133 
The measurement of regional perfUsion distribution using Xe bas 

been mentianed previously; the method introduced by Ball et al. (55) bas been 
133 

modified only sl1ghtly. When Xe in solution is injected as a bolus, it 

is distributed to lung regions aocording to regional blood nov. The solu­

b111ty of the isotope is suob that virtua.lly an of it enters alveolar gas 

on its tirst passage through the lung(55 ,59) • If the subject holds bis 
133 

breath during am after Xe injection, regional cOllDt rates will rise to 

a plateau as the isotope evolves into the gas phase aDi plateau concentrations 
• • 

are representative of regional blood nov per unit regional gas volume (Q/V). 

Regional. ooant rates are converted to regional concentrations by having the 
133 

subject rebreathe Xe. In the past, it-....a!rasslUlled that rebreathing pro-

duced equilibrium coMitions throughout the lung aM regional concentrations 
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oomputed accordiDg~. Beo&1I8e of the ~is ot the rebreathing prooess -' .. preseDted above, _ have4 00mputed regional oonoentration assuming that re-

gional steady states obtain at the end ot rebreathing. 

Bath regioDal count rate and regional concentration 0bv10UB~ depem 
• 

not ~ on regional Q/V but on the amount of isotope injected. To oompare 

different injections, the results must be st&mardized aooording to dose. 

This bas been done by expressing perfusion distribution in tel'lllS of "per­

fusion iMex" whioh is the regional oonoentration resulting frOlll the injeotion 

(FA ) expressed as a percent of the regional ooncentration lIhiâb. WOlild re-
B 

sult tram the injection if blood flov vere aven. The latter is, of course. 

simply the injected dose divided by the lung volume at whioh the injection 
133 

1s made. Since our subjects rebreathed Xe at functional residual capao-

ity, (FRC), injections were made at this lung vol'llllle. 

In supins normal subjects, regional lung volumes are expanded to the 

(62) • sam degree from apex to base so that measurement of regional Q/V is 

the equi valent of measuring regional nov per alveolus or regional nov per 

unit lung tissue. In erect normals, however, apical alveoli are larger than 

those at the base at most overalllung vOlUDl8s(63). Thus, a given Q/V may 

represent quite different values of blood nov par alveolus, depelXiing on 

the region involved am the overalllung volume. This diffioulty is over­

come by maldng measurements at total lung capacity (TLC) when all alveoli 

have substantially the sam lung volume (63). Thus, to measure perfusion 

per alveolus in an erect normal at FRC, the injection is made during breath­

hold at FRC. When all the injectate bas entered the alveolar gas, the sub­

ject inspires room air to TLC and again breath-holds while regional count 

rates are measured(56). Resulting perfusion irdices are then indices of 

perfusion per alveolus. 
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:.: 'lhe·above teohn1ques have proven quite rel1able in assessiDg reg1cmal 

pertuaion distribution. Only two specifie major sources ot errer mat, &Di 

both &1'8 related to the period ot breath-hold required. 1Ih1le injections are 
made and ooant rate reoorded. Ir the injection 1& peripheral the breath-

hold should he 10 - 15 seo; lII8D1' patients .f1M this dif'fioult. Ir the pa­
tient breathes during or 1 J!!J!Ied\ately alter injection he exhales isotope, 

l0N8r!Dg perfusion iDiioes in all regicms but most strildllgly in those reg:1oDS 
whioh are well ventilated. The seoond source of errer is tbat it is SOJW-

tiJMs very dif'fioult to oontrol preoisely the lung volume at 1Ihioh the in­

jection takes place. Ir th1s volume 1& luger than FRe, all perf'uaion in­

dices will he lev; if the volume 18 smaller than FRC, aU perfusion iDdioes 

will he high. Unl.ess, howaver. the deviations ot lung volume frœ FRC are 
large, the relationships among regicma.l pertusion imices in the S&J118 patient 
are not disturbed. 

There are, in general, two methods ot studying regional ventilation 133 
distribution us1ng Xe. The tirst 18 to measure regional. ooncentrations 
af'ter a single breath of the is otope. While tb1s approaoh haB heen aocurate 
an:! very rewarding in normal. subjeots, in many patients vent~ .lation distribu­
tion varies vith inspiratory nov rate so that it is most diffioult to gener-
alize on the basis of single breath measurements. .A. more attraoti ve approaoh 

133 to such patients 18 to observe the rate of Xe removal from lung reg:1ons 
133 a:rter adm nj stration of the isotope haB Deen stopped. Since Xe 18 not 

very soluble the speed of washout should he related chietly to regional ven­

tilation per unit volume. 

Washout of inert, highly insoluble gases suoh as N2 aM He bas proven 
a most productive approach to the study of OV9rall ventilation distribution; 

SOlll8 of these analyses have been referred to earlier in this thesis. It is 
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a ccms1derable tempt&tion. then to &PP~ the &Dal,ytic approach of' Br18coe(36) 

to reg1cmal vuhout cunes; in this WQ' subregicmal cOlllpa~nts 1Iith dit-
133 

f'eriDg ventilation and volume m1ght be identitied and quantitated. Ir Xe 

1I8re aN'agous to N2 &Di the region considered wu homogeneous and _11 wixed. 

the f'ol1owing relat10nship would hold: 

m-18 

where F Ac 18 !"-egional conc'entrat1on at the onset of' wuhout. V 18 regicmal 

volume and F, (t) 18 regional concentration at time t. This expression may 

be ditf'erentiated am solved: • (~"/ V)t 

FA~) ~ fÀ., e. 
m-19 

The same general approach may be appl1ed to regions 1Ihich cons18t of' more 

than cne compartment. 
133 

Xe is a great deal more soluble than N2 ; the f'actors Unfortunately • 
133 

governing Xe washout are. theref'ore, more complex than those relevant to 

H2• In addition to regional ventilation, three f'actors. all depen:lent on 
1 133 133 

33xe solubillty, may influence regional Xe washout. First, aince Xe 

is soluble soma isotope must leave the region via the pulmonary venous blood. 
133 

Secom, recirculating Xe may enter the region during wuhout. Third, ' 
133 133 

Xe may be present in the chest wall at the onset of' washout. When Xe 

&dmi nistration is stopped, isotope will wash out of' the chest wall am separa­

tion of' the vashout curves of chest wall arxl lung may be dif'f'icult. 
133 

Removal of' Xe by pulmonary venous blood could theoreti~ he a very 
133 

important factor in Xe washout. This may be i11ustrated by modifying 
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eq. m-18 &Di eq. III-19 to 1ncllJde tb1s f'actor: 

f .. (iW· fft,V· V".!;.. -~ ,,(F;. 
m-20 

m-21 

• • Binee p<. = .162 1Ihen regional VA/Q = 0.162, one halt the regional vuhout 
may be aseri ved to regional blood nov, not ventilation. 

Neglect of' reairculating isotope is appropriate men vashout measurements 
1:3:3 are made arter a single brea.th or injection of' Xe. However, a.f'ter such 

ma.neuvers the overall ventilation tends to vary, reDdering interpretation 

of' washout eurves more dif'tieult. For tbis reason, washout eurves are best 
1:3:3 ex pm1ned arter procedures involving tidal breathing, such as Xe infusion 

or rebreathing. A!ter these procedures, however, there may be signif'icant 
amounts of' reeirculating isotope enter1.ng the lung from the perlpher,y. As 

washout proceeds the peripher,y also washes out and the recirculating levels 

deerease. This relationship may he summa.rized: 

. ('-r ft (t."\ : fil. V - VII t fla - 'l.-f.' f"" ... Q. Jo ~v =-22 

where the te:rm Q r: CV symbolizes the washout funetion of the periphe17 as 
momtored in the m1xed venous blood. This washout function (rate of deerease 
of CV) is prlmar.ily related to peripheral perfusion per unit periJileral tissue 
volume, and is slaver than and iD:iepeJXlel'lt of lung washout(61). It can be 

1:3:3 seen trom eq. m-22 tbat the net effect of eircu1atory Xe exchange on 
1:3:3 regioDa1waahout depems on the relative ugnit1KleS ot c1rculator,y X. 
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~ 133 .r 
reMftl (Q"J. FA) aDd c1rculat017 Xe dell.ft17 (Q Jo ~). Dcw4MMe ot 

the fONIr teDla to aooelerate nshout, dcw1 n·nce of the latter teDIa to 
133 

:retud vuhout. In the uual oue, oiroulato17 Xe uoh·nge probabq ac-

eeleratea ear:q lung .. hout but delays late lung vuhout becauae per1pheral 
133 

Xe ashes out slow~. 

It 18 1Japossible to eount over the lung in intact hUIIaDS 1Iithout al.so 

eounting over the chut wall. If the chest wall eontaiDs isotope, th1s iso­

tope 18 meuured &long vith that in th~ lungs. The general problem or radia­

tion orig1nating from the chest wall w1ll ba dealt vith later; at the llomeDt 
133 

let is suffiee to say that the amount or Xe in the chest wall 1& U8~ 

small. However, if the chast wall released (washed out) its isotope slow~ 

in relation to the wuhout of the uDier~ lung, at SOIIIe tille during wuh­

out chast wall radiation might 8lIlount to a s1gn1ficant fraction of the total 

radiation observed. Further, it might he impossible to disoriminate batween 

the dec11ne in overall count rate due to chest wall wuhout as opposed to 

lung washout. 

In sp1te of these difficu1ties several empirical assessments of regional 

washouts have shawn that they may be of SClDe use in assess1ng regional ven­

tilation. Bryan~57) 1lBing normal subjects" compared the results of single 
133 

breath ventilation measurements ani those of regional Xe wasbin am wash-

out. He f01llX1. that agreement between single breath tests am. wuhi.n Jll8&Sure-

ments wu good. Further, bath of these tests gave results s1m1Jar to those 

afforded by regional wuhout, if the ear~ part of the wuhout cune vere used. 

Bryan measu.red the t1me necessary for regional count rates to fall to one 
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(61) 133 
Reoent~. Hatthns am Doll.ery usused reg1cmal Xe waahout in 

133 
both normal aubje0t8 am patienta with ~_. They OOllpared Xe wash-

out to that of 15~. a shortlived am very insoluble isotope. They WO 
133 

ocmaidered in deta11 the ettect ot Xe solubil1tyon 1"8gional washout. 
133 

They MaI11r8d JI1nd TeIlOWS Xe concentration dul'ing wuhout, fimj ng that 
133 

peripheral le wuhout vas, in fact, indepemleDt ot pulacmar,y .. hout; 
133 

the decay ourve of the 11'1 xed venows Xe ooncentration during washout did 

not vary from subjeot to subject. With this data. plus their regicmal 15N2 
133 

washout curves, they we1'8 able to simulate regional Xe washout OUl'V8S on 
• 

an analogue oomputer, uaing reasonable values tor regional Q/V. They con-

oludad that in normal subjecta, changing valuea for chast wall baokgrouml 

we1'8 troub1esome, terding to m1.mio a small poor~ ventilated oompartment 

within the 1'8gion stuiied. In abnormal subjects radiation from the obest 

wall wu less of a prob1em, but in these subjects peripb.eral washout into 

the lungs was thought very like:q to prolcmg washout by distorting the later 

part of the ourve. No comment wu made regarding acceleration of washout 
133 

due to removal of Xe by the blood. 

These studies do not invalidate use of regional washout curves as ap-

proximate tests of 1'8gional ventilation, partioularly if' only the ear:q part 

of the washout ourve is used. We have ohosen to assess regional ventilation 

per unit volume in terms of regional hall'-times (Tf). Tt is the tilDe, in 

minutes t necessary for 1'8gional count rates to fall to one hall' their pre-

washout values. 

In sllJlllll&r.Y, methods for the independent assessment of regional ventila­

tion distribution and regional perfusion distribution have heen outlined. 
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le1ther 18 theo:reti~ capable ot _asuriDg absolute veDt1lat1on or per-
• • 

fusion, but each BaY approx1mate e1ther vA/v or Q/V. The :regicmal distri-
• 133 

bution ot QjV 1s eatimated troa the :results of bolus injections ot Xe; 

th:1s approach 1s theo:retical.ly soum. but susceptible to techn1cal errer • 
• 

Regional wuhout curves are used to asS8SS reg10nal V A/v; tb18 approach has 

distinct theo:retical wea.lme8S88 which mq, in part, be CM!rc0JD8 by analJ'sing 

~ the early portion of the wuhout curve. Figures for :regional ventila­

tion can only be regarded as semi-quantitat1ve approximations. 



2. SOURCES OF BRROR CO!Ol)N TO H>R! THAN ONE TECHNIQUE OF Im3IONAL 
MEASUBEMDr 

~ implied by the above head1Dg, there are several poteDtial sources 

of errer which JIIq' influence regional count rates, irrespect1ve of the pr0-

cedure involved. in the1r measurement. These include: 1) changes in bod1' 

position or lung volume, 2) coant rates froa vascular structures in or Deal' 

the long, 3) count rates scattered fram 1'egion to region &Di 4) coant rates 

originating fram the chest wall. Each of these will now he cons1dered. In 

addition, the problem of heterogeneity of funct10n w1th:1n single lung regicms 

will he introduced. 

All measurements of reg10nal concentration are deri ved by tak1 ng the 

ratio of two regional count rates which vere measured at c1ifferent points 

in tilDe. It is asst1Dled that the ssme lung reg10n wu examined in each in­

stance am that the geometry of the region lI8.8 also the SaDIe. If overall 

llUlg volumes differed wen reg10nal count rates were measured than reg10nal 

geometry also differed am subsequent calcalation of regional concentration 

must he erroneous. 
• • 

Measurements of regional V Ji Q aDi Tt vere coDiucted durlng normal tidal 

breathing at FRC after the subject had been acclimated to the equipment, 

so that changes in lung volume vere unl1kely. Perfusion d::..stribution vas 

measured at breath-hold, however, wlthout precise control of lung volume. 

However, experience has shawn that if counters are not located near the lung 

periphery, variations in volume of up to 500 cc. cause only minor changes 

in the apparent perfusion distribution. 
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S1nce the sc1Dt1l.1aticm ooanters used in these stlldies wre t1Dd, 

changes in body position could clwlge the region observed by each cOUDter 
133 

and iDvalidate calClÜatioœ of regicmal Xe concentration. In erect nor-

mal subjeots th1s1s the JIOSt 1laportant factor, liIdting reproduc1bllity 
133 

of renlts with Xe. We nated the position of bODY 'andmsrka on the thorax 

of each subjeot &Di repea~ checked their position relative to the COUD­

ters during the course of the exper1llent. Abnormal. subjeots, in whom meas­

urements frequently took more than an hour, vere studied in the supins posi­

tion, every effort being made to insure comfort. 

Unfortunate1y, the thorax contains a nl1JIIber of important vascular struc­

tures as we11 as the lungs. During procedures involving the intravenous 
133 

a,dJll'hrlstration of Xe it is conceivable that counters stationed over the 
133 

long would "see" intravascular Xe. In the lung perlphery important errors 

of this type are ~ly sinee perlpheral pal:alonary vascu1ar volUJD9 is very 

small in relation to gas volume. coanters over the rlght heart are a more 

lilœly source of error, but we have t'oum. in normals(64) that posterlor 

counters overlying the heart am pal:alonary arteries give results which vere 

si1ll"1 1 ar to peripherally placed counters at the same vertical level of the 

lung. Nevertheless, except t'or these experiments, ve have avoided such 
133 

counter placement. Artefacts due intravascular Xe def'initely do arise 

if counters are placed at the extrema lung apex on the same side as the arm 
133 

into lihich Xe injections are made. This is because the subclavian vein 

crosses from axilla to mediastinum some 2 - 3 cm. below the lung apex. Since 
133 

intravascular Xe concentrations at this site are large sni apical lung 

volumes are small, this represents a major p~'"Oblem. We have tried to cir-

cumvent this by subtracting visible (early) injection artefact" by maldng 
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injeot1cms through cent~ plaoed oatheters vhen possible, aM, sost iJro 

portant, by' not plac1ng oOlll'Jters less than 5 011. helow the lung apex. 

There are a muaber of 11818 by' wh1ch the paths of gamma rqs mq he d1s­

torted. so that a oounter reoords events 1Ih1ch 000111' outside its field ot ob­

senation (65). The relative importanoe of these depems on the energy of 
1:3:3 

the gaDlla raya involved; beoause Xe yields lov energy g ..... , Cœapton 

soatter acocnmts for almost all radiation scattered bat_en reg1ons. The 
1:3:3 

importance of snob scatter was studied in vitro: A stable Xe source 11'&8 

positioned beside an excise<! lung and ooœrt rates measum bath over the 

source and over the lung. These experiments shOll8d tbat oounters positicmed 

over suoh a l'mg reoord about ", of the radiation present in the S01ll'Ce ad­

jacent to the eounter field(66). This 18 not enough scatter to caue major 

prob1ems. If, however, the lung wu replaoed by' a container filled vith 

vater, soattered radiation often exoeeded lo,C of radiation recorded over the 
1:3:3 

Xe source. This bas been eonfirmed by' studies of patients arter pneumonec-

tomy (see balow). Thus. meaBU1"81IIents made near struotUl'6& such as the lII8di­

astinum or diaphragm are likel,y to be influenced by' scatter au:! suoh oounter 

positions have been avoided as muoh as possible. 

It bas been pointed out previousl,y that ccnmters plaeed over the thorax 

of intact humans inevitabl,y examine under~ chest wall as _11 as lung, 
1:33 

au:! because Xe is soluble, radiation may orlginate in both. Baekgrotm:l 

radiation from the chest wall is not a problem during man8UV'ers such as single 
133 

breaths or bolus injections of Xe sinee accumulation in the chest wall is 
133 13:3 

minor and delayed. However. durlng Xe infusion or rebreatbing Xe aeOl1JlD1-

lates in the chest wall to a greater ext.ent and meuurements of regional count 

rate sbould ta1œ aeeount of this. We stMied th1s problem by' measuring ccnmt 
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rates f'raa bath thoraoes of' sevaD patieDts 2 web artel' p!I81DIOJ38ctœv. At 

the tiM of' st~. there wu no med.1ast:1nal sh1f't and the op8rated side wu 
133 

filled vith fiuid. The patieDts UDderwent Xe infUsion. reb:reathirlg am 

bolus injecticms ot the isotope. Ccnmt rates traa the p.D8lDIODeCtadsed side 
133 

at the eDi ot Xe rebreathi!Jg (lit) aDi 1nf'uion (Wp) _1'8 contrastee! to 

count rates artel' lDtraptÙllODa1'y wuhout wu ccapl.ete (Wo) as jadged by 

c01l1lters over the contralateralintact lung. Fig. 17 shows the results ot 

such comparlson. It 18 apparent that Wi or Wp averaged 1.5~ of' Wo am tre­

que~ exceeded th1s figure. Fig. 17. however. rep1"8sents an overest1mate 

since it œglected the ettect ot radiation scattered lDto the .. ter tilled 

heml.thorax trOll the intact l'ange This 18 1llœtrateci by Fig. 18 lIhich shows 

records tram one counter positioned over l1D2g am another one positioned over 

the opposite pn8Ul11OD8ctamized hem1thorax. Durirlg rebreathi!Jg count rates 

inc:rease over the operated aide am arter rebreathing stops count rates decre-
133 

ment. A bolus injection of Xe 1188 then given. count rates in bath regicms 

vere seen to robe aDi the tvo records appeared to be in phase vith each other. 

This increase in count rate on the operated side i8 too rapid in cmset and 

too large to represent anytbing but scattered radiation. It followd that 

the response ot count.ers over the operated side to bolus injections oould be 

used to oorrect tor scattered radiation. This wu done: the increue in 

oount rate due to bolus injection over the operated hem1thorax (Wa) 11&8 

meuured am related to the simultaneous increase in oOtmt rate over the 

lung (~). The resulting fraction (Ww'Ua)J lIhen JIlÙtipJj.ed by ~ or Di gave 

the scattered radiation present 1Ihen Wp or W1. vere measured at the eM of' 

rebreatbing ot intusion over the chest vaU: 

X = s III-23 
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Fig. 17," Ootmt rates reoorded fram the ohast wall at the ~ml·of l"Xe 

infusion and rebreathing. Ordinate 1 ratio of obeat wall oount _te at 

the end of rebreathing (Wi) or 1ntusion (Wp ) to the oount rate obaerved 

after vashout of intrapulmonary isotope (Wo ). This ratio ls expressed 

as a peroentage. AliBoissa. -'distance dovn the lung (top&O cm). 
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Fig. 18. Regional ommt. rates in a subjeot vith reoent pneumoD8otOlQ'. 
Shown are reoordings al klloooUJIts per minute (KOM) fran a lq· ngion 
(lover) aDd the ohest vall opposite (upper). !he subjeot rebreathed 1"%8 
for 5min, then W8.S turned out of the oirouit and the isotope 1I8.S washed 

. out. Pinally, at the- t1me ind1cated by the vertioal anov, the patient 
-reoeived an intravenous bolus of l,'xe. 
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·ere S 18 soatterecl radiation. This f'actor (S) ... tben subtraoted f'roa 

Wp or ~ to den'f8 "truen chest wall radiation. Fig. 19 shows chest wall 

radiation at the end of' intuion aDd rebreatbiDg af'ter oorrection f'or soat­

terecl radiation. It will be seen tbat th1s oorreoted ohest wall radiation 

wu about 12~ of' Wo' the chut wall radiation af'ter .. hout vu ooçlete. 

If' 1t are usu.d, then, tbat chest wall baokgl"OUDi cHd not change durlng 

washout, an error ot about 2f11, would be illide ill the estimation ot obeat wall 

background. In regioœ whe1"8 iDtrap1ÛJlOD&17 oount rate 18 5 - 10 t1mes tbat 

. ot the ohest vall, th1s error 18 1Ds1gn1ficaDt. In areas lIhere th1s 18 DOt 

the case, such as the apex of' the erect h1Dll&D lung, th1s method may lead to 

erroDeOlUl est:lJllates of' 1ntrapnlmonary count rate. Silloe chut wall1lUhout 

is 1ndependent of' Itmg .. hout, 1t 18 WO theoret1o~ possible to under-

estimate chest vall radiation s1gn1t1oantly ill subjeots vith great~ pro­

longed intrapulaonary washout. In praot1cal fact, howe'V'Jr, in such subjects 

1t 1s most difficult to separate pnlmonar,y f'rem chest wall washout &Di the 

major risk 1s one of ove1"8stimating chest wall backgrOUDi. In aocord vith 

the abave arguments. we have ass11lll8d that ohest wall background d1d not change 

during washout. Va have tben obta1ned regiorJ&l intrapulmonary count rates 

at the em of rebreathing &Di infusion by subtracting fl"Oll total regional 

count rates the oount rate present a.:rter complete iDtrapulmonary washout. 

We have wo avoided placing counters at the en1"elM lung periphery, part1-

cular~ the apex. 

The most important lim1 tat10n of all techniques wh1ch assess 1"8gional 

lung funot1on 18 that tbey temi to treat lung regions as if' they vere f'aDc-
1JJ 

t1onal.ly hoaogeDe01J8. The Xe methods of the preced1ng pages _1"8 der! V8d. 
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Fig. 19. Corrected count rates recorded trom thé chest wall a.t the end 

of l;;Xe adminstration. Ordiœ.tes count rate at the ebd of rebreathilJg 

('1) or infusion (Wp ) mimts a correction factor for 8cattered radiation 

(S). This 18 expre8sed as a percentage of the chest wall count rate 

. ·obaerved after pulmonary va8bout; ft8 ccap1ete (Wo). A.bso1ssas d1ria.JJce 

dovn the llmg (top: 0 CIl). 
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1d.'th the &881DIPt1cm tbat all1lDits witb1n a luDg Ng1cm faDoticmecliD the 

.... wq. S1Doe t.b1a obtiouJ.y DMCl DOt be 80, what aN the _aD.1.mg of 

our ..thods iD the pl'UeDO. of iDtl"&Ngio:D&l beteroce-1t7 of taDot1_f 

ID a NIi- o_iat1Bg of .neral fUDOtiona' tJpes of 1IId.ts, an ~. 
lUdt. ocmtr1bute 1D ._ .., W ... 111 1 lOItI du!lft4 trc. the Ng10n .. a 

who18. In noh a cas., a regicmal _~ represents the aftrage valu 

ot the f1mct1on c_idered tor the reg10n as a 1I110le. ID other word8, a 

1" region vith a T&r1et7 ot tuDct10Dal m1ts vi11 deftlop a varlet)' ot 1. 
133 

concentraticms 1Ihen the 18otope is ach" m m:red, am the le oOD08ntration 

l18a8ured in the reg10n as a 1I110le JlD8t be bet1nten the extraes ot concentra­

tion present in the variOlUl m1ts. The overall regicmal ocmceutration 18 

not the aritbmetical mean of the concentrations whioh ex1st in the reg1on. 

Heasure1llent of regional conceDtraticms are based on lII8&81U"elII8 of regional 

ccnmt rate, which is related to the amomrt of isotope in a region. The 

amount of isotope equals the product of its concentration am the vo11Dl8 

containing the concentration. In a heterogeœous reg1on, the _asured ov&r-­

all reg10nal concentration is the Man ot the various conoentrations in the 
• • • 

region, each weighted according to its volUMe Thus t regional V J./Q, Q/V, 

aM Tt an represent vol1Jlll8 we1ghted mean values when the region axa" nec! 

• • 
is not tunctional.1.Y hamogeDeO\1S. In the case of reg1cmal vAl Q, there 18 an 

133 
additional veighting factor. As shown in Fig. 20, Xe ooncentration 18 

• • 
:amch more sensitive to vA,/Q during infusion than it 18 during rebreatbiJJg. 

• • 
Because of tbis, low V A/Q units develop vel"7 high ooncentrations during iD-

• • 
fusion and 1ntl.uence the overall regional VJ/Q lI8asurelMnt in a maxmer dis-

proportionate to their vol1D118. A s1lllpJ.e illustration of this phenCII8Don 18 
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Fig. 20. Regicmal ~''x. ocmcentrations dur1Dg iDtuaion and relJree..th1Dg. • 
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• • 
a reg10n Mde up of equa! vol .. s of pertued but 1IIIftDt1lated 1DI1ta (V,/C1aO) 

• • • • 
and veJJtUatecl but· unpertused UDita (V J/Q = .6). The V,/Q of th1s reg10n 

133 
111 1DI1ty vben meuured b.Y Xe 1Dtas1_ mi rebrea'tb:mg; tb1s value 111 ob-

• • 
'Viou:q _oh lover than the ar1tbllletic _an V A/Q of the reg1OD. 

There are two corol1ar1es to the tact tbat reg1aaal values are w1ghtecl 

_aDII wben the region cons1dered 1a not h .... ous. The:t1rst 111 that the 

_~ ~onal value lIq not correspcmd to the tuDct10n of arq1lld.t in 

the reg1on. 'regicm ccms1atiDg ot tvo d1st1nct types ot 1IId.ta 1I1ll generate 
• • • 

reg1cmal VA/Q, Q/V mi Tt 1nte1'Md1.te betAecm thOlle of the two popalations; 

the reg1cmal valus, theretore, are not tcmr:l iD arq 11D1t in the regi_. 

The secom corolJ..ar.y 111 that iD the presence ot iIltrareg10nal inbcaogeDe1ty 

_uurecl diftereDCeS in tanct10n betveen lung regiODll are the mm .. ] dit­

terences which ex1st between 1D1ita throughout the leg. If. tor eDaple, 
• • • • 

the VA/ Q ot one heterogen~ region 1s one balt ot the V A/Q ot another, the 
• • 

the lowest V,/Q in the tirst region JlDBt he less than ODe hal.t ot the higbest 
• • 
VA/Q ot the sacom. 

Granting tbat inhQlllOgene1ty ot t1mot1on vitbin s1ngle regiODll JIq he 

an ilIportant l1m1tation ot the _thods 118 have outJ1 ned, what 1s the l1ke11-

hood that s1gnif1caDt iDtraregional tanct1cmal heterogene1ty vlll be en­

countered1 The answr to th1s probably depeDis on the type ot subject studied: 

one Jdgbt expect more striking variation in :runct1on lIithin l"ung reg:i.cms ot 

patieDts vith empbysaa than iD normal subjects. Thoagh th:1s 1s a reascmable 

hypothesis, 1 t bas Dever been crltically testecl. nor bas the question ot 

iDtrareg10nal inhOlll0g8De1ty of tanct10n been studied in patients lIith other 

disease. studies ot reg1cmal function then should not ~ docUJlldlt dif­

terences bet1leen lung regions t but should. attempt to aasess the pcsribility 



of '" pd t10aDt ditte1'8DOU iD taDot1cm 1I1thiD .1Dgle I1mg agi... Suah 

aD _ .... Dt woald i ncH oate the l1II1taticms as _11 as the traits of the 

stud7 of reg1.oaal tanGt1cm. 
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• J. TEST PROCEDURES AND CALCULATIONS 

The preceding section served to introduce the methods employed in 

these studies, and to give their theoretical background and limitations. 

This section 'Will be devoted to exactly how the measurements were lI'.lB.de: 

the squipment, procedures and calculations which were used 'Will be out­

lined. 

The most important data gathered during these studies were regional 

cOllOt rates. These were collected using standard (though homemade) 

scintillation counters 'With sodiun iodide crystals 3/4 inch in diameter 

a.n:l 1/2 inch thick. These counters were fitted with tubular lead collima.­

tors Wich prejected 17 cm. beyond the crystal. Fig. 21 shows isocount 

curves resulting from such collimation. It is important to remember that 

these isocount cu~es were derived ttsing a point source of radioactivity. 

A point source is not analugous to the lung i-lhich is perhaps best regarded 

as a sel~es of plane sources. In the case of a point source, the radia­

tion measured ty a detector is inversely proportional to the square of 

the distance c~t~6el1 so~rce and detector; a point illustrated in Fig. 21. 

This is not truc if a cletector observes a plane source: as t1:e distance 

tetween detector and source increases, tl:e area of the source lmich is 

observed by the detector increases as weil. In Ïact, elementary trigo­

noruetry denonstrates that the amoul1t of radiation registered by a detectcr 

is indeper.dent c,f the distance bet-tjeen detector and. plane source. It is 

perhaps Iilore to :'1:e Foint in this instance then to describe the limits 

imposed by the collirr.ation used, or the extrema dia.meters of the planes 
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ot lung obaerved. UsiDg 17 011. oo1.11mators. the d1.aIIeter ot the ooaDt1Dg field 

adjacent to the oo111wtor wu 2.5 cm. 1Ih:lle the diueter of the COUDt1ng field 

wu 5.2 CIIl. at a distanoe of 20 CIIl. (rougbly the ma:r1mnm antero-posterior diam­

eter ot the lung). It must be 1'8oalled tbat if ooncentration w1'8 equal through­

out the oounting field. each of these two pl.aœs would procluce the s.. oount 

rate. Therefore. smal1 lesions produc1ng variations in count rate are JDD.Oh 

more eas~ detectecl when adjaoent to the collimator then when distant to it. 

Abnormalities whicb. are smaller than a oounter field behave like point sources. 

Regional counters were positioned over the dorsal aspect of each lung 

as tollows. The cOllllters 1I8re tixed to a rack in such a vay that the pro­

jecting em ot the collimator vas in contact vith DD8 side of a transparent 

plastic grid. The other side of the plastic grid was in contact vith the dor­

sal (posterior) surface ot the subject l s thorax. The rack to which the counters 

were tixed allowed adjustJDent of the position of each counter relati va to the 

x am y axes of the grid. Suoh adjustments vere made. thereby selecting the 

lung ragions to be studied. by mans of placing a obest radiograph over the 

grid. The radiograph wu positioned so tbat bOJW laMmarks (the midl1 ne. the 

dorsal process of the seventh cervical varlebra) coincided with f'1xed positions 

on the grid. As noted. abave, the counters ware dorsal to the chest am "looked" 

ventrally. Generally, 4 - 6 counters vere used over each lung rang1ng from 

apex to base; positions over the lung periphery, especial.ly the extrema apices. 

were avoided. 

The amplification, e1ectroDic processing and recording of data from 
(55.59) 

regional counters haB been wall reviewed in the put . aM since we 



made no changes in these techniques, they will not be outlined in detail 

here. In brief, all data from regiona.l counters was :recorded on a 32-

channel magnetic tape recorder. Each" count" or gamma. ray was :recorded 

as an event, and gamma ~s were distinguished from background electronic 

"noise" by setting a voltage th:reshold which had to be exceeded for an 

event to be recorded. In these experiments the threshold was analogous 

to 25 IŒV, 50 that both the low (JO IŒV) and the high (80 IŒV) energy 
133 

gamma rays emitted by Xe were :recorded. The tape recordings of regional 

count rates functioned as data storage facilities. Subsequent to the e~ 

periment, the tape was replayed and the counts on the tape were measured 

by analogue counting rate maters (tiree-constant=O.l sec) and recorded on 

an oscillograph. The result we:re :records of regional ccunts per unit time 

(count rate) plotted against time. During experiments, a regional counter 

was played from the tape through a rate meter to the cscillograph so 

that lung ragions could be monitcred. 

In addition to measurement cf regional count rata, radiation detectors 
133 

'torere utilized to measure Xe in mixed inspired gas (FI») in mixed expired 

gas (FE» an:i sometimes in eni tidal gas and arlerial blood (Ca). FI and 

FR were measured in shielded cuvettes (see belcw) using counters and re-
'-' 

cording techniques simllar to those employed in the measurement of regional 

concentrations. End tidal and arlerial concentrations were measured using 

scintillation counters with larger ( 2 in. dinmeter) thinner (t in.) NaI 

crystals. which were therefore "niore efficient", that is more counts 

(disintegrations) were measured pel' millicurie of isotope. The output 

of these counters was measured by a two channel digital rate-meter which 
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liter~ noted the number of counts registered by the detector during 

repeated preselected time intervals. If the time interval selected vere 
1JJ 

short, very rapid changes in Xe concentration could be measured. The 

counts measured by the digital rate meters vere recorded directly on the 

oscillograph. 

Calibration of the various cuvettes vas accomplished using a fixed, 

shielded counter (scalar counter) which was not collimated. The output 

of this counter could be read off the face of a digital rate mater, and 

the time interval over which COunt3 were accumulated could be varied. A 
11t. 

known amount (in mc.) of ''', an isotope vith a very long balt lite vas 

exposed to the counter under fixed specific geometrical conditions. This 

resulted in a factor which converted count rate to millicuries, if counting 

vTas conducted under the same conditions. Using this counter then, any 
1JJ 

discrete sample of Xe could be quantitated in terms of mc. In addition 

to its use in calibrating cuvettes, the scalar counter was used to measure 
1JJ 

the amount of Xe present in infusion and injection syringes. 

Two breathing circuits were used in each of these experiments, an 

open circuit and a closed circuit. The patient's mouthpiece could, by 

means of a two-way taPJ be connected to either circuit. The closed, or 

rebreathirl6 circuit, consisted of a spirometer 'Hhich recoroed on a kymo-

graph, a mixing motor, COZ absorber and a tubular cuvette and scintillation 

counter for measuring Fr In the open circuit, inspired gas vas separated 

from expired gas by a small valve (dead space = JO cc). In the inspired 

line ,TaS a dry gas meter with potentiometer which recorded inspired venti-

lation. In the expired line was a 1.5 L baffle box situated just proximal 
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to a tubular cuvette which contained a scintillation counter for measuring 

FE. The expiratory line also contained a port for taldng samples of 

mixed expired gas. Both circuits were shielded vith lead 1/8 in. thick. 
133 

End-tidal Xe was measured vith a high efficiene.y counter positioned 

over the breathing valve in the open circuit. This system allowed re­

cording of rapid changes in concentration -- the 90% response time was 
133 

0.2 sec. Arterial Xe concentrations were measured by drawing arterial 

blood through a flattened spiral coil of glass, over Which a high efficiency 

counter was Positioned(67). Counters and cuvettes were also shielded vith 

1/8 in. - 1/4 in. thick lead. 

During MOSt experiments, several measurements of the cardiac output 
• 

('Ir) Here made. Dye dilution technique was used, a bolus of dye being 

injected intravenously. Eoth Coorr~ssie Blue dye and indocyanine green 
(68,69) 

dye 'Vrere used • When green dye was used, arterial blood was drawn 

through a cuvette which measured dye concentrations photometrically and a 

curve of dye concentration .... time recorded. ~!hen blue dye Has used, 

dye concentrations were measured photometrically in the intact ear using 
(68) 

a specially designed cuvette • Once again a curve of dye concentration 

~ time was recorded. Cardiac outputs were calculated from dye dilution 

curves usinE the method of Hamilton(70). 

From the subject's point of viev1, the eÀrperiments went as follows. 

On arrivaI in the laboratory, 'Cony lan1marks on the posterior thorax were 

~Arked and according to these the subject was positioned in front of the 

preset regional counters. An intravenous catheter was then threaded into 

an anticubi tal vein, am pushed centrally s 0 that i ts end lay in the 

arlllary vein, subcl2.vian vein or superior vena cava. In some subjects 
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a Cournand needle was then introduced into the opposite brachial arter,y. 

The subject was then fitted with mouthpiece and nose clips and allowed 

to rest for some minutes and become used to the experimental situation. 

Then, in no particular order, he underwent three procedures: 

1) He received a 5-10 minute constant volume infusion of a known 
133 

amount of Xe in saline. During and after this period the 

subject breathed normally in the open circuit. At the end of 

the infusion, the infusion line was rapidly f1ushed with saline 

to facilitate observation of subsequent regional washouts. 
133 

2) He rebreathed Xe in trace amounts froID the c10sed circuit. 

Circuit volume was kept constant by adding oxygen to the spirometer 

in aluounts equa1 to the subject's oxygen uptake. At the end of 

this period the subject was turned out of the c10sed circuit and 
133 

breathed on the open circuit as intrapulmonary Xe was washed 

out. Throughout these procedures the subject a1so breathed norma1ly. 

3) The subject he1d bis breath at FRC t and received 2-4 intravenous 
133 

bolus injections of Xe. 

During these' procedures cardiac output was measured 2-4 times. In s ome 
133 

instances arteria1 Xe concentrations were measur&d during the last 
133 133 

4-5 rr.in. of Xe infusion and rebreathing. End tidal Xe concentrations 

were rr..easured during infü.sion in a io3-"- insta.. .. l.ct:::~. 
• • 

:1·::6i;)~la.l 1./-:' :lo3ra generall.y ~alculated according ta eq. 111-7: 
.i. 

• • 
" '''''' -v AI,", -- Cv Ui 

(III-ï) 
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where Ui is regional count rate during rebreathing, Up 15 

regional count rate during infusion, FI is inspired con-
133 

centration at the end of rebreathing. Mixed venous x~ 

concentration during infusion was computed by dividing the 

infUsion rate (me/min) by the cardlac output. 

133 
In soma patients arterial Xe concentrations were measured during in-

fusion (Cap) and rebreathing (C8.i). In these subjects eq. (III-7) was 

133 
corrected to take account of recirculating Xe. It was assumed that 

133 
recirculation produced mixed venous Xe concentrations to 50% of the 

• • 
arteriallevels and VA,/Q calculated according to eq. (III-13): 

• 0 

VA/Q = Cv Di + 0.5 (Cap Ui - C~ Up) 
(III-13) 

FI Up 

Regional perfusion was estimated on the basis of tlle distribution of 

133 133 
bolus injections of Xe. Regional Xe concentrations were calcula.ted.: 

(III-23) 
Ui 

133 
wnere f AB is regional Xe concentrations after injections, 

~ DB i5 regional count rate after injection. 

• • 
Ir. patients -vrith lo'i regional V.t/~ FAi' :!"egional concentration during 1'3-

breathing was substituted for FIo ~~ Nas calculated vdth knowledge of 

o • 

r8bional 1'.\/Q: 
• • 

F 'T 10 
l '.\/ 

(III-3) 

1:'1 subjects in whom FEe was known, p3rfusior. d.istribution uas expressed 

in terms cf perfusion indices: 



• 
• 
~ = FA lme injected 

... B FRC 
(111-24) 

,it 

~ is perfusion in:iex when FAB was calculated using FI; when FA:i was 
• 

used, steady state perfusion indices (~) resulted. 

Regional ventilation was assessed by measuring regional washout half 

times (Tt). Tt are related to the reciprocal of venti4tion per unit 
• 

voll.U:l9(lS/Va so that when Tt were short very small differences of Tt re-
• 

sulted in large differences in V/V which were of dubious significance. 

For this reason, '!men Tt were short onJ.,y regional Tt were calculated. In 

subjects with long Tt. the reciprocal of regional Tt were calculated an:! 
• 

presented as regional V/V. In some instances, regional Tt ~re standardized 

to t~(e account of overall ventilation and FRC: . ,.", 

1/Tt mc/vI x 100 = V III-25 
• 

where FRC is functional rasidual capacity and VI is overall 
-v. 

minute ventilation (inspired). ~ thel) is a d.imensionless 

index of regional ventilation per unit volume. 

In addition to the above several non-regional measureroents were made 

routinely. ~hese included cardiac output and minute ventilation. 
lJJ lJJ 

!n some subjects, end tidal Xe concentration (FA) and arlerial Xe 
lJJ 

Xe concentrations were also œasured. !>uring infusion mixed expired 

concentrations (FE) were ~easured in aIl subjects. Mul~ip1ying FE by 
lJJ • 

the appropriate minute ventilation gave respiratory Xe output (VXe) 

wr~ch was compared with the infusion rate to evaluate the presence of a 

steady state. In most subjects mixed expired O2 and CO2 concentrations 

were measured by the Scholand.er method (71) • Using these values, the minute 
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verrt1lation aD! the alftolar air equat10n l'9sp1ratol7' eœohenp ratio (R) 
• • 

amen uptake (V
Oz

) &Di carbon cl1œ1de output (V
COz

) _1'8 oalaulated. These 

_asure_uts WO served to assess the presence ot steady state ocmd1ticms. 

In addition to the above, routiDe pulmonary tunct10n tests as outl.1œd 

above _1'8 oarr1ed out in JIlO8t patieDts. These tests _1'8 oarr1ed out in 

cliD1cal laboratories in several hosp1tala; no speoW. p1'8oauticms 1I'8re talœn 
133 

in studying the subjeots ot the Xe experillleDts.. Resulta or these rout1.De 

p1ÜJIcmary tunct10n tests _re oC3lpl.1"8d to pred1cted n01'll&1 values (90) • 

Nomal regional tunction 
• • 

In the e1'8ct position, vent1lation bloocl nov am vJ../Q cl1tter troa apex 

to base ot the no:rmal lung: ft shall preseDt results dOO'1Jlll8Dting the ment 

of th1s variation. The tact that 1'8gional tunction depeDÙI on gravity 18 of 

less 1nterest in patieJJts vith lung cl1seasel however. IDleed., to avoid the 

influence of gravit y ve stwi1ed patients in the supine position using pœteri­

or~ (dorsal.ly) placed counters. Onder these c1l'C1lD1Stances ventilation and 

perfusion are the same in all long reg10ns (,59 ,62) • We have measured steady 

• • 
state regional vAl Q in a fev supine normals and fcnm:i no cl1rfe1'8nC8 fram apex 

to base. Thus, by el1mi nating the infiuence of gravit y on regional lung 

tunction we vere able to assess the nomality of arr,y lung region in eaab pa-

tient by camparing it to other lung regions instead of coaparing it to arbi­

trary normal standards. Assign:1ng criteria for nomality have been done in 

some cases to help present the data,but cbanging these criteria would not 

seriOUB~ influence eitber the results or the1r interpretation. 
• • 

The vAl Q of arr,y region obv1ous~ depems on the overall ventilation and 

blocxl nov wbiah obtain at the time the measurements are made. It bas been 

po1nted out that in erect subjects tbese values are normally suah that overall 
• • 
V JQ varies fram 0.8 to 1.0. In patients studied in the supine position vith 
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• 
• • 

posteriorq plaaed counters, vj,/Q iD aU regicms should be iD the De1gbboz-

hood ot 0.80 - 1.00. However, vith tilt trca the erect to the sup!De, card1ao 
• • 

output 1ncreases am alveolar ventilation deoreues, so V j,/Q JllD8t decrease. 

These relaticmships have been sllJllllJarhed as (72) : 

0.863 R (Ca
02

- ot~) 

PAc~ 

In normal sup1ne subjects values ot R = .8, (C~ - CV~) = 40 ml/L aM 

p~~ = 42 lIIDIHg are ~ a~ceptible(73,74); these values dictate a V"/Q:O.67. 
We bave sean ragional V,/Q as lev as 0.60 in nol"lllal subjects. In a'IJY event, 

in no subject in this series vas the normal:1ty ot a lung region detined by 

Regional perfusion was not measured in absolute te1'll8; pertuBion iMices 

oonnote the regional perfusion per urdt volume relative to the value lddch 

would obtain if perfusion vere distributed evenq. The most tbat oan be s&id 

about a region, then, is that it is over pertused or UDier pertused relative 

to ether lung ragions in the same subjeot. The aoouracy ot the methocl is 

suoh that ditteranoes among regions ot less than 2~ may not he sign1tioaut. 

Thus, normal values tor perfusion iDiex ara 100 ± 20. Als mentioned previously, 

in soma subjeots a1l lung regions exhibit perf'usion irdioes outside these 

limita. This wu the result ot technioal error; in most instances valid con­

olusions could still he drawn regarding the perfusion ot one ragion relati va 

to tbat ot another. 

Regional Tt are inversely related to regional ventilation per unit volœœ. 

but as we have sean this ralationship is by no means rigorous. B3ca1lSe ot 

this we bave hesitated to detine ragions as nomal. or abnormal. on the basis 
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• 
ot the1r Tf. ,.. have ~ c~ reg1cmal Tt (or its rec1procal) iD 

the a .. patieDt. ID a .. .ubjeots. hOll8ver, it wu Deces8ar.r to a.parata 

normal aD:l abnormal reg10œ accOl"'ding to their ventilation. In order to do 

tb1s overall TeDtUation aDd lRC had to be taken into aoccnmt. JJs prev1ou~ 
#1# 

noted, thia wu dODe by cc:aput1ng V: 

III-25 

~ 

V, a d1mensionlesa index ot ventilation per unit vol1Dlle, 1188 .asureci botb - -ai'ter rebreathing (Vi) &Di af'ter intusion (Vp). Theoreti~. normal values 
~ iD 

for V should approxilllate 100. If Xe were iDsolub18, the rec1procal of Tt 

would be equal to regional ventilation per unit volu. multiplied by ln 2 

(0.693). No~ overall alveolar ventilation 18 about 7~ of overall Dd.nute 

ventilation, so the !11JIII8r1oal ccmstaDts cancel out: 

N 

V = x 100 III-26 

- -However, normal. regions otten produce V < 100. We have det1ned V 4:. 50 as -abnomal aM values 50 < V 4: 60 as borderline. These detinitions are probab~ 

conservative. 

Bef ON presenting the results of these stMies. note ahould be taken of 

the radiation dose to 1Ihich our subjects were exposed. Normal subjects re­

cai ved 5 min. of inf'usion and 5 min. of rebreathing vhile in IlOSt abnol'll8l 

subjects thase procedures ftre cODtinued tor 10 JI1D •. In the case of noru]. 

sub jecta. the tota1 dose to the lung vu alvays 18ss tban 200 Dl rads aDd to 

the l't'ma
'
nder of the body the dose vas about 25 • rads. Subjects vith lung 

disease rece1 ved 300-400 Dl rada to the lung aM 50 rads to the rest of the 

body. Methods ot dose oalculation vith examples are incluied in the appem1x 

of this thesis. 
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IV. RESULTS 

• 1. NORMAL SUBJECTS 

Four normal young men were studied while seated; regional measure-

ments were made by 4-6 counters set posterior to each lung ranging from 
• • 

apex to base. Regional VA/Q and Ti were measured, but no attempt was made to 
133 

Aasess the regional distribution of perfusion. End tidal Xe concentra-

tion during infusion was measured by positioning a counter over the breathing 

valve in the open circuit. Cardiac output was not measured in aqy instance; 

values which uere normal for each subject were assumed to be present. 
133 

In aIl subjects steady states were achieved in 5 min. of Xe infusion .. 
133 

~ig. 22 shows end-tidal Xe concentration as weIl as count rates from two 

lung regions during infusion (Subj. AP). ru three records attain virlually 

constant values TNi thin three to four min. Table 3 compares respiratory 
133 • 

Xe output (VXe ) with infusion rate; the two are nearly equal, and values 
• 

of VXe did not change from the fourth to the fifth minute in those cases in 

whom separate measurements were made. 
• • 

Fig. 23 shows regional VA/Q in our four norlnal erect subjects, as cal-
• • 

culated using eq. III -7. Apical vAl Q was high, ranging from 1.50 to 1.80. 
• • 

~elow the apex VA/Q fell progressively until at the base values ranged from 

0.50 to 0.60. Measurements of regional washout showed that Tt were IQngest 

at the apex and grew progressively shorler as the base was approached. Venti-

lation per unit volume, then, increased progressively from ape~ to base 

(Fig. 24). When these data were coCbined with the measurements of regio~~ 
• • 
VA/Q, it was concluded that regional perfusion per urilt volwne must also 

increase !'rom apex to base. Further, the rate of increase of perfusion must 
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Fig. 22. Exper:1mental reoord during 1;J Xe iDf'usion in 8ubjeot AP. 

The signal on the bottom ohannel indioates vben the il:I:f'usion plllp W8.S • 

turned on and off. The middle t.vo reoords are tran oounters over the 

right lung (n- ditJtance fraD. the lung top) and are calibrated in 

ootmts per minute (CID). The top traoing is frcm a coUDter over the 

breathing valve and i8 oalibrated in mc;t. This tracing has been slightly 

retouched for purposes of reproductio~ 
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Fig. 22. Exper:imental r600rd during 13~ Xe infusion in subject AP. 

The signal on the bottom channel indicates when the infusion ptmlp was 

turned on and off. The middle two records are fram counters over the 

right lunc (D- distance fram the lun~ top) and are calibrated in 

counts per minute (cpm). The top tracing 1s frŒl a counter over the 

breathing valve and 1s calibrated in mc/L. This tracing has been slightly 

retouched for purposes of reproduction. 
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• 
Subjeot 

MJ 

TA 

MR 

AP 

TABLI ,. OCJIPARIS01l OF IHJEOTIOli RAD AND DSPIRATORY l''xe 

OUTPUT (YXe ) ni NQmw, SUBJIOTS DURIIG 1"%8 mœIOll 

• Injeotion rate Vxe . 

(1I0/lIin) ao/.in % 1ajeotiClll 
rate 

4th min 5th min mea.n of 4th 
and 5th min 

2.05 1.78 1.8, 1.81 88 

1.8, 1.61 1.50 1.56 86 

2.22 2.09 9' 
2.08 1.94 9' 
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Fig. 24. RegioDal ventUation distribution ln: ereot nor.J. nbjeot •• 

0II41œ.te. ftntilatioa' per UDit Tol.. (reoiprooal fit TI). AlInill •• 

clill't.a.Doe. trali Itmg apex (0 Cm ) to ba .. (,a _). Theae data. "present 

ua17188 of the _shouta an.er rebr_t~,,: of the four aubjeota ot , 
.. 

F,ig. 2'. Apical TetUation 18 appr«da_1~ ~,ha.11' of' that .~cl 
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• 
have been greater tban the apex-to-base inorease in ventilation • 

This. of' oourse. is precisely what vas desoribed by West et al. in 
(52,5:3> 

their experiments involving c150
2 

• However, the apex to base varla-
• • 

tion in V A/Q of' Fig. 23 is Iess strildng than that f'ouM b;r the Hammersmith 

group (see Fig. 13). One obvious reason f'or this dif'f'erence lies in dif'f'e1'8noes 

in technique. ne C1502 measurements ir.'9re made during single breaths of' 

isotope. ID isotope which entered Iung ragions theref'ore had originated 

erlemal to the subject; there vas no ci502 in the respiratory dead space. 
133 

This vas not the case in steady state measurements made with Xe. During 

ini'usion am rebreathing, at the em of expiration, the airways contained 

isotope which vas subsequently reinspired. by the Iung. Eq. III-~ which was 

the basis of Fig. 2~ neglected this effect, assuming that ail gas inspired 
133 

by a region had the SaIne Xe concentration as that measured at the mouth 
13J 

during inspiration. Because of the dead space this was not so. The Xe 

concentrations of regional inspirates w1'8 more than zero duriJlg intusion 

am less than Fr during rebreathing. Regional gas concentrations depem on 
• • 

regional vA/Q and the compositions of mixed venous blood and inspired gas. 
• • 

The last of these is affected by the dead space 50 that regional VA/Q de-

rived from ragional gas concentrations without assessing the effect of the 

dead spaca must',be eFronaoUs~. VA/Q derived using single breaths oi C150Z 

"tiere ob'Viously not affected by the dead space and are, therefore, theoretica.lly 

more accurate. 

R~~ver, the reinspiration 0: dead space gas is a fact of life; regional 

Oz and CO2 concentrations during nOl~l breathing depend in part on the effect 

of the dead space on inspired gas composition. It, therefore, would be 



• 
advantageous to measure regional VA/Q in such a ""'Tay that the dead space 

effect was recognized ani assessed. 

One generalization is possible: the effect o~ the dead space is to 

lessen differences in gas concentration ~uong ragions, and therefors to de-
• 

crease apparent differences in VA/Q resulting from gas concentration measure­

ments 1·1hich neglect the dead space. This i5 because :nuch of the respira tory 

dead space 1s common te aIl l~~g regions in that it contains contributions 
133 

from each. Dead spaCG Xe concentration, thereforc, :nust represent some 

kind of average of the concentrations of the co~tributing regions. Inspira-
133 

tian of such gas must louer 
133 

Xe concentrations in ragions ~1ere it 15 highest 

and raise j:e concentrations 1Jhcrc it i5 10H85t. 

Th~ ::load s pace problern r.-.a;)" bo appro:tc!;ed quanti ta ti valy if the vol:.une, 

~or.!po.:;i tion a.-3 distribution 0: dca:: spacG gas i5 kl1o~·m. Sincs aIl three may 

OC rea30naèly ~pproxi~ted in no~rr~l ~ubjects, the follo~~n~ paragraphs w~ll 

nSS8SS tl~c 9ffect of reinsp:"l~~d è.cad space go.s. 

ml- ' d· •• la l l 'h t .t' T') :"l~d Fa -:-hi ( 75) ","'.". 0 CX:1l"',,';n.~d J...I..c 3..p~:'''''::'~J.1 USG lS Slrrù. r ~c ~J. .... a Oi. ... ",css _.. _ . d-u.. -

o"-co,, di~3ra;::; this \;J.S ini tially :iGl'Î ved 
'- t.... 

. , 

.nac.. ti.18 ;C;dj,l':: C01!;}?üsition as l'OOl~1 air. ':l:ese 

. . 
ari:: ~:.st:.~il)utiC~tl vî Q8rJ.G. sf'a8ê bas, tlHsJ· t:1~r~ Gc:"i·",;ec: '/e/~ froI':! \·:l:icl: it -vias 

r~scisc 
.1.' 
vL3 
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i5 usually maasured by the Bohr equation(76) 1Ihich assumes that a steady 

state prevails and that 110 gas excb.ange takes place in the dead space. 

Thus , for COZ: 
• • 

F
EC02 

VE = " V + ~ V 
·A~O A ·I

C02 
D 

~2 

(IV-l) 

which states that expired gas is alveolar gas diluted by 

dead space gas which has the same composition as inspired 

gas. 

This expression aSSUD:eS tvlo homogeneous species of gas in the lungs at end 

inspiration: alveolar ga~ and inspireà. gas. '"!hile this Dl.lY be questioned, 

the simplifica.tion is E;ven r:.ore dubious 1·;hel1 cne considers clead space gas 

at E.:nl expiration. Tho r..ainster:i bronchil trachea, and upper ~ir-wa.y are common 

in tha.t they ccntain cas .·;1:::'ch origirulteè. :::'1'. aIl 1'..J.l1b regior.s; their contri-

1utic;,s are rela.ted te tl:e \;entilaticn~ of each ragion. This ,·;a darine as 

l:istal to tLe ~~.2.ir.stc::; bronchi, th.:: conducting 

c..ir-.... a;ys G.o not contain cor~tl'ibutior.s fro", ail lung regions r but only fron: the 

-::-e.:;iom: ~ëh(::," subse::'''Jc. Fins.lly, in the dist.:..l reachuj of t:ne cleacl space, 

thE..rs n~· ::c gé"..S frcIl" or.ly on", ::"Cbion; this 1:8 ùefine as the region~l deaè. 

::;pé"..CC (';"_,,). I~~ is cIe.::: tha.t tl:G cO"~lFositiol: of the comrwn cleç;.è. spacc (VD') 

~ 1~~ 
..... ; . ..1 

::"a~i 28 L.E.:-.:::èlred :Lr. -;"er!iW Gr 6fi~ ~.:;idD.~. Xc corl.ccr:tratior. CF Â~). ~iwilarJ.y, 
.. ""- -
Jo;)) 

:~c ccr.cEmt::.'a. ticr.s in l'egicr~l è.oo.d SPc.cos 
... ':l') 
Jo..).) 

in orè.e:::- to c.;.rr; 
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salllpling and a regional dead space (V
D
") with composition defined by measure­

ment of regional concentrations. 

The relative ::;izes of these two compartments are. urd'ortUl"..a.tely, not 

clear. It has been estiroated that sorne 50% of the total dead space is 

common(77). but this is not a certainty. Eecause of this problem, we have 

chosen to ey..amine extreme conditions: we have alternately assumed that the 

entire dead space was regional or that the entire dea~ space was common. 

It is very difficult to measure the regional distribution of inspired 

dead space gas. I:owever. rreasurements of the regional distribution of inspired 

gas have indicated that, in young normal subjects at lung voltunes around FRe. 

ventilatio~ is not sequential(63). That is to say, ~nder these conditions, 

tl:e distribution of arry fraction of tte tidal volt:r.1e is the same as any other 

fraction. If there is no 3equential ventilation involving dead space gas, 

the volUl1;e of the reinspired dead space amour_ts to a fixed fraction of the 

ticlal volume thrcughout aIl lung rogions; this fractio~ r.mst equal the ratio 

of ovorall dead space ta overall tid:J.l volume. The above discussion roay be 

1) Tho deaè spaee CV:)) is èivided into tHO :prls, tLo conmon dead 

space (Vn') vrr..ic!: has the Salile composition as end tidal air, s.nd 

tl:e rebiol1:J.I dead space UD!!) caen portior; of which bas the Sallie 

co;~.position as the !'eGion ~ t subser·,rcs. 

2) The total alvcolar \-entilation of a rcgion (~le) is equal to the 

re[;ional alveolar ventilation OTA) plus the l'q;ional sb.a.re cf the 

deéld space ventilation Cf:!)). Sir.'.ila:rl.y, the total overall 

ahTeclar v€'ntilation (Ve ) is the overall alveclar ventilaticr. 
T . . 

('.rAT) ;-lus the o-..-erall c:.so..2. spa~8 -,-entil.3. tion (YDr,). 
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:n The distribution of gas inspired. from the dead 8paoe i8 the 

same as that the remaiDder of the inspira:.,e, i.e.: 

• • 
VD 

Vnr • 
• Vnr = • am VD = V IV-2 • • 

Ve Ve.r • e 

Ve.r 
• • 

By applying these principles, expressions for regional Ve/Q may he de-

• • • 
rived as well as e:cpressions for regional VJQ, where "VA" represents the 

ventilation exclusive of dead space ventilation. On the nen page, the 

• • 
derivation of regional Ve/Q i8 shawn in detail and contrasted vith the previ-

ous expressions whieh negleeted reinspired dead space gas. .Aleo shawn is an 

• • •• 
expression for IItrue" VA,/Q, i.e •• V,./Q in which the effect of dead space bas 

been removed. Dead space Xe concentrations are symbolized as FD• The dead 

space may he brolœn into compartments vith specific concentrations. Alter-

natively, GXtra::e coclitions may he considered, i.e., the whole dead space 

is regional aM F D = FAr • or the whole dee.d space is common and em tidal 

Xe concentrations (F.\r) substituted for FD• We have chosen to examine the 

extremes. 
133 

EM tidal Xe concentrations were measured during infusion (F.L ). 
133 --PI' 

These together with mixed expired Xe concentrations and minute ventilation, 

• •• 133 
allowed caleulation of VD!! and vDrr/ve.r. Eni tidal Xe concentrations during 

rebreathing (F Ai ) were not measured but calculated on the basis of overall 

• • T • • 

vA/Q and F~. Two eurves for regional Ve/Q are shawn for each of two subjeets 

in Fig. 25. In eaeh case, the upper curve vas based on the assumption that the 

total dead spa ce was eœmnon (VD = VD', FD = F~) and the lower eurve vas based 

on the assumption that the total dead space was regional (VD = VDII, FD = FA). 
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1-' 
1-' 
00 

ft 

. . 
VA/Q Neglecting Dead Space: 

Infusion: 

Q Cv - F Ap V A + F Ap ~ Q 

Rebreathing: 

FI VA "" FAi VA + F Ai-- Q 

V IQ: 
e 

Infusion: 

~ Cv + FDp VD - Ve FAp + FAp~ Q 
Rebreathing: 

FI ( Ve - VD ) + FDi VD = Ve FAi + FAi~ Q 
Substitute for VD: 

VD ~ Ve VDr 1 VeT 

e 

Combine both equations: 

VA 1 Q - Cv Ui 1 FI U 
P 

FAp 1 FAi a Up 1 Ui 

Ve 
q- -
Q 

• • 
"True" VA/Q: 

• 

Cv Ui. 

FI Up ( 1 - v~/Ve ) + VD Iv (F Up ~ F~ Ui) 
-~ T T eT Di ~~ 

VA = ~C~v_U~i~~ __ ~ __________ ~~~~ 
q- FI Vp - ~DT/~AT ( FDi Up - Fbp Ui ) 
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Fig. 25. Regional iJ4 in subjects M.R. and A.P. Ordinates 1 regional 

VelO.. AbeoiSSai distance from apex (c) cm) t.o base (25 cm). The eolid 

l inee repreeent. the velQ. whioh vould obtain if the total respiratory 

dead space vere OoqlOB 10 ail Inng regions (VD! =- Yn). TbB dotted 1ilJee 

repreeent Heul te ob1ia.1ned by" assuming ths..t the entire dead space vas 

regional (Vn l = VD). True values for VelQ must lie between the t.'Wo 11nes. 
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• • 
True regior~l Ve/Q must lie between the two curves. Differences between the 

two curves are large, particularly at the apex where the amount of reinspired 

dead space lIas large in relation to bloocl flow. The curves intersect at the 

point at which regional concentrations equaled end tidal concentrations 

(FA=FAT ) and the common dead space lffiS, in affect, regional. 

• • 
Fig. 26 shows, for one subject, VA/Q derived 'tdth consideration of rein-

spired dead space gas. Again two extrene assumptions have been made in regard 

to the composition of dead space gas. The broken curve (Vn=VD", FD=FA
) is 

tb.6 se.me as that ShO'tffi for this subject in Fig. 2.3. The solid curve 

(VD=VD', Fn=FAT) is rather similar to that derived by ,lest et al. (52,53) 

15 
on the basis of da.ta gathered 1·rith C 02 (sec Fig. 13). 

Using the 02-C02 diagram and the c~rves of Fig.26, it is possible te 

calculate rGgional bas tensions dmm the lung. Cne of the curves of Fig. 26 

uould yield results qGtc sirr.ilar to those presentE:d 'oy l,led. EO"\·rever, it 

r.:ust 'oe rerr,eulboreè such G.:l.S tensions are deri -vec: assurninG that capillary 

blood. cxchanges crJ..y :·Jith m,TA'" or ventilation exclusive of Gas reinspired 

îror: t~:e deacl ::opace. C'apilb.ry bloocl :::ust exchange ;;ascs "i:-ith the reir.spireè 

èead space i:' tLc ccr.:pcsition of the :1eaè. spaCG cas is not the s~:e aS that 

in the alvGolus. T'or this reason, it is n.ore realistic to cOI:1pute regional 

. 
cas tensicns CT. the 'oasis of re6ional '.re/Q• This car. 'oe done if the 0Z-C02 

diaGrar.: is rr,œ.i.fie~ acco!'è.inb te the princi?les of Ross ar:d Farhi (75); the 

rr.odi:'icé:.tion chiefly ~.I"Oü.r.t!: to ce of the dca~ space i:1 calc::latinG tte 

CO"T.pcsition of i:ns;:Ïl'ed ~~s. ?i;;. 27 ShOi·[S l'e~ionD.l bas tensior.s calculated. . . 
'--" ':'1-~S r."..Ll1-..J· ~J c.,r ,~" ~ ... '"',., !-h~'" -I-1 ,c 1,.,.,..:-0 ..J~-~1è"'r"""''''''<"'""'' ~r /('\ 
L.J \,,_~ ' __ \01. l.~, ..... "'" ~ ... '-'''-' ~_''- .... v ... ç:.1J ~ ......... ~'"'"""'O""" ...... ..-.L._t._ ............... _- __ J. ... ole -..c. 
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• • 

3.5 VA/O· 

A.P.' 

3.0 

1/ 

---Vo=Vo' 
2.5 , 

--Vo=Vo 

2.0 

1.5 

1.0 

0.5 

o 5 10 15 20 
D,cm 

.i 

Fig. 26. True regional vAlQ in subject A.P. 06dinatel regional vAlQ, 
derived takillg accotmt of re:1nspired dead .pace gas. Ab'acissa, dia­

tance from apex (0 cm) to base (25 cm). The solid line represents date. 

derived a •• UDling the entire measured dee.d space ws camnon (VD1 .:VD). 

The dashed line represente resul te vben it ws asstll1ed tbat the vhole 

déa.d space ws regioœ1 (VD': VD). 
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" 0--0 Vo = Vo 

P02 mm Hg • • V'O = Vo 
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Fig. 27. Regional gas tensions ill subject A.P., calculated froll!. re­

gioœl vel~ Ord1natess .regioœl P02 and PCQ2- AbscisBa' di8tance fran 

apex (0 cm) to base (25 cm). The solid 1ine repre8ent8 the gas tensions 

which resul t wben the who1e dead space was assumed to be oommon (VD1= VD); 

the dotted 1ine resulted fran assuming tbat the who1e dead space vas re-
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difference in regio~l gas tensions. The apex to base gradient for Oz and 

COZ i5 about 3 mmHg larger when VD=VD' than when VD=Vn". Ir. other subjects, 

these differences were less Hell marked. The gas concentrations derived 

'Vihen VD=VD" are the samo as those found when the curve of Fig. Z3 wa.s used 

~dth the unrr.odified OZ-COZ diagram. It rnay be said, then, that the original 
• • 

metr..od. of measuring regional VA/Q, vrhich neglected the effect of rein!Jpired 

gasJ yielded ree,':onal gas tensions 'tJhich 1.rere useful approrlmations vIDen it 

is corebined w~th the 02-C02 diagram of P~.n and Fenn(6). This is because 

tl:e classic 02 -C02 di~grar" nlso neglected the effect of reinspired dead 

spacG gas. 

Tho ape:,: te base vé'.riations in gas tension shO':1l'l in Fig. 27 are not as 

striking as those derived b:,r Ucst. Though this rdght be due to technical 
lJ3 

er:::-ors in t!lG course of the Xe rr.easurereents, part of the èifference nust 

OC: èt:e to the i'act that the curl8S of Fig. 27 took accot: .. L'1t oi the reinspira­

tion of dead spacc Gas 1:hile gas tensions dcrived :rcm c1502 Ilieasurereents 

did not. As discussed oa1'1ie::.', rein:;pircd dead space gas neccssarily lessens 

ccncluded that 1'e~ional va:::-iations in . • 
'.TfJ'J. ,0.b:-,'.:. acco'Zt :'J~' aD '.:.::8 s::c1:.an~e inef:icienc:-- dt:G to v

1
/ ~ irl-

;01' tl:is reascn, 2"..:c1: calculations 

• 



are not presented. Houever,if the range of regional gas tensions was less 

than that round by Wes~ resultin& ove raIl alveolar-arterial gas tension 

differences must also be smaller. If such regional ~~asurement cannot account 

for observed inefficiencies of gas exchange due to VA/Q variation, it follows 

that in normal subjects there are non-regional variations in VA/Q vlhich are 

(32) .(26) 
signiîicant. This is supported by the 'Hork of Lenfant and fo'arhl who 

• • 
have deruonstrat.::L1. th(:" nreS8n~e of units 'w-:ith V.I'''' fa.r b010~f thos'~ measured 

A ~1. "" 

on a .,:'dt;ional basis. 
. 

;::'3.:~:·à has aIs 0 ~omonstrat::d ur.:' ts wi th '1 ~ /Q ~i.gher t!laj1 
.1. 

thoS8 round on !'t;lgio:1a1 stlldy, but the::;e units aould ~onstitute reë;ior.s al:. 

t.he 8~:trü~iJ.e lune; apex -;.Ihich is inaccessible ta present ~1a3.Sur<:m3nt. ::xtra-

iJo1atiol1 0; the curV8S of Fi6.~ aYld Fig.25 to the extreL18 apex '·TOuld indicate . . 
these . ,. /'" 3.na "r;: .... . . 

In Sllinrna:"y, steady stat'3 l'8gion.s.l '!."/~ Here i:ï.0.:lsm.'ed in 4- seated nOl'li:al 

3ubject.s: '/A/Q at the .2j?·2;·: ~'Tas 11i61: (1.5 - 1. e) and decreased prog:t'essivel:r-

~(),\;:1 t>.e lune ta the bas3 (0.50 - 0.30). ?eGi::mal 'T9ntilation pe:::' unit volumo 

:'cc..·J spo..ce gas durin;; t:le :;Le,:jj~ .:;J.~;;.te e::l.]~1~1:s:-rt,3, "l f2ctor not 7rG3'3~Tt il1 
15 

~.r:-: e ':'t2 '! "flr ~ fT .... 
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• • 
tenslons ·vT01'û calculated from regional V,/Q j regional variations in gas 

• • 
tension Here not large enoU6h to explain a.ll the "A/Q. dependent inefficiency 

of gas e:cchange in nO:'lTJ.al subjects. It is conclujed, then, that ::1orlnal 
• • 

subjects must have sir;nificant non-regional inhomogeneities of VA/Q. md 

• • 
V~/Q. 
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After one lü.ng 1s removed t th8 rema~ning l,mg r·e08i vas the entire 

, . ,. , (7e) 
ca:;.':iiac output t ~·ilu.cn ~s uncna!J.ssJ • -,:hen the relT.aining lung is nor:'lal t 

})os~ pneUI:lonactO);i~i patient::; affor:l. an 3}:~ellent opportuni-cy to stuQy the 

affects of an iDcrease in bl:;o:1 fl·:-r,T through the lung in the absence of com-

plicating card::'ac 12sions t drugs an.:l :.-!eurobœ:llors. 

Ile have studied l'O·LlY' su.1jects :la.v':'ng one nor.na.l lung; all \.ere exaJllined 

10 - 14 days after pneunonectow,y t beror<:: the remaining lung expaYlded and crossed 

the midline (Fig. 28). The patients had all unJerbone pneumonectoliV as ~:raat,-

ment for lU!'lg can:ei'. C:liniGé-l characteristics and pul:.llonar,r- function tests 

are noted in 'rable 4. ·:lith the exception 0:' pati9nt A.~, all these tests -,,/Ore 

norl.l3.1. It .. ras thought that the high re::>i:l.ual volume presant in t~1is patient 

:·73.5 du() to lds tumoY', :·lhici1 als 0 inVülverl ras chest wall. ;-:8 Ha::; included in 

this se:-ies bec3.1.:sn ~lis l'sgionul :w1ction vias :.;i.nilar Lü that of tIle other 

(her::o;;lübin =: 9.5 :J':~) 3.:1:1 tln~ ,\~?. haJ :laQ a ~Immd ::"ll.:'ect:'ono ~h~ ot::er ti,-O 

• 

l ~:~:;. usinG 

:r=-7; 

{'" \ \"T_l __ ,O .... ....- ...... ~ 
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• 

Fig. 28. Ohest x-ray of patient P.B., done the aae day as the l;'Xe 

study. The 1e:f't hemithorax is fUled vith fluid, and the mediastin\lll 

1s shifted sl ight1y to the right, toward the remailûng 1ung. 
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TABLE 4 - ROUTINE PtJUi)NAR! FONCTION TESTS IN SUBJECTS WI'l'H OD lŒHAL 
LUHl 

(Predicted normal valuee for aubjecte with tlfO lungs in parentheau) 

VC RV MHFR mO•7S HI ~O (L) (L) i/Sec f%) 
rDJ/wla/-ac 

3..24 1.22: 3.38 2.50 24.3 

(l.14) (1.78) (2.$0) (1.78) (12.1) 

L.25 0.86 1.06 .8S S8 1.6 

(a.64) (1.36) (2.61) (L8S) (S1) (la.8) 

3.S0 2..09 3.50 2.f1) S6 19.2: 

(h.OS) (2.01) (3.39) (2.62) (S3) (16.s) 

2.96 3'.72 4.20 2.10 ha 21.9 

(4.06) (2.32.) (3.0'1) (2.3$) (50) (14.1) 

Thue etudiee vere carriecl out after pll8WlODectonv. In the otber aubjecta, teate ........ betore . 
• urgery. 



• ; :. • L '" • ,~' 

w .. o_W.lÙI·'~tU..v1lNt1_1a,.~'.r ÎI"&O' ri .. ' 

• tcIv. ". .ut !N'11ft the ftI1oraa1 d1ftr.llnlt1_ -of pertld_ 18'.1'Mt n1tjeota -

1d.th two DoNall .. a. Û prn1oœ~ aotec1 •• arlT stwl1ee 1I1:th radieaotiw 

..... a~ that the 11111& apl.a W!N ... lue pezfue4 t1wa WN tU 

.... (52.55). The _eh· ... G&l .... for tlI1a pb ....... haft bHa beau\1.taJ.q . ' -

(79) '(80) . ' 
eluo!daW llLr Perautt aD! West .~1' po1âtec1 out tbat aiDoe pnl .. 'r,t. 

vasoular pzueuu are low aIId the 1 ..... lalp. Jvùeetatie faetoN plq aD 

içozotaDt, NIa 1a detild.Jlc local or ftgioaal prepuea. hrt.ber, the ..u 

pa'wcm'r.Y .... l.s are apoeed to illtra~ or alwolar preuve wh1_ :la 

DOt Abject to b;rd1"08taUo eaariden:t.iODS, 1 ••• ~ 1\ 18 the a_ t.luoqhov.t, 

the lue. When thue pri.Dc1plea _ft ocwldned with the "'17 l"e&IIODabl.e .. sap­

tian that nall pil.:aoDaw wes.ls (oap1llar1ee) are 1ID8table wi'th tlaoc'1d 

walla, 'the 1"CIDg JIOdel shOllll in Fig. 29 1"8sulted. Th18 figure d.~picta an 150-

lated dog lung wh1ch 18 perf'wled frœ the artery to the vein. PulaODa17 artery 

(Pa) aJXl pulmon&rrr venous (PV) pr8SS1ll'efl ~Y"9 iMiaatad by t.h81T' respective 

lI8nOJDl9ters. Beoause of the law of bydrostatics, these pressures inorea:J'J 

about 1 am EZO par Cl! deseent doe the lung.·, Alveolar pressure (PA) iB atmos­

pheric am. the sau throughout the lung. umer the oon:lit1ons shovn Pa. 18 not 

high enough to perfuse the lung top. .lccordingly above the level where Pa=O, 

PA :> Pa and no flow Geours (Zone l). Belov th1s 18 a som in wh1eh p~> PA> Pv 

(Zone II). umer these cil'CUl!Stances, the capillary functions as a starling 

resistor, i.e., fiow 15 proportional to the dif'ference batween arter1al and 

alveolar pressure (Pa - PA). Venoa pressure does not influence now(79). 

Since Pa 1.ncl"'8&S8S vith desoent dovn the lung and PA. does not, nO. inoNases 

rap1~. F'N]Jy at the base Pa > PV> PA. (Zone III). The capillary 18 widel,y 
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PA= 0 D PA> Po l 
---------

Po>PA >PV D- IT --""'-

D m - -
• • 

Fig. 29. Model of pulmonary blood flOlO[ distribution (after \'lest). The 

l ung on the left is perfused from artery to vein at the pressures (Pa and Pv) 

indicated by the ruanometers. Al vcolar pressure (PA) is atmospher:'c through-

out the lung. The configuration of collapsible blood vessels is shmm 

schematically on the right. The top of the lung is higher th~l Pa so in 

this are a Ph)Pa, capillaries are squeezed fiat and there is no flou; this 

is' Zone I. BelOi'T this, in Zone II, Pa> PA> Pv and the capillaries develop 

constricted segments at their dOWIlstrean ends and function as Sto.rU.1lG 

resistcrs, fln: bei!'..[ Froportional to the arterial-alveolar pressure dii'-

ference (Pa - PA). At the bûttœu of the Itmg, in Zone III, Pa> Pv> FA; 

the capillaries are distended and flow is proportional to the arterio­

venous pressure difference (Pa - Pv). 
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o 
opened alXi the arteriovenous pressure dif'ferenoe (Pa-Pv) governs flow. Since 

th1s is independent of height., any furtber increase in nov at the base must 

he due to distention of vessels. 

Fig. 30 shows perfusion distribution at FRe in three normal subjects(S6). 

These plots show a strildng resemblance to predictions based on Fig. 29 with 

three well-marked zones. Furt.her, estimates of Pa (Zone l - Zone II junction) 

and Pv (Zone II-Zone ID junction) agreed reasonably vell with directly measured 

pulmonary art;ery an:i pulmonary wedge pressures. It ma:y he conoluded then that 

the model of Permutt aM W~3t applles rather wall to the intaot human. 

Fig. 31 shows regional perfusion distribution in three s1lbjects after 

pneUDI.onectomy. Tvo ld.n:is of curves were evident: . patients PB &Di GD showed 

distinct Zones II &Di III but do not show a Zone 1. Patients Je (not shawn in 

Fig. 31) a.rxl AR showed rather even distribution of blood flow- from apex to 

base, without obviously separate zones. The regional flow patterns sean in 

GD and PB were interpreted as resulting fram an increase in pulmonary artery 

pressure - the junction of Zones l an:i II was above tha lung apex as opposed 

to below it as was the Case in the subjects shawn in Fig. 30. Subjects AR 

am. Je, on the other hand, did not show flow patterns which could be separated 

into zones; it llppeared that either the wole lung "TaS in Zone III or that the 

slops of Zone II was snch that the junctions of Zones II arrl III were not dis-

cernable. These two patients ware studied at a time when their cardiac outputs 

may well have been increased due to anem:1.a and. woun:l infection and their rela.-

tively even distribution of blood. flow may have been due to this factor. 

Whatever the differences among these four subjects, the lung apices of 

aU of them were perfused tdrl.le similar studies in subjects vith two normal 
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Fig. 30. Perfusion distribution in erect normals Hith tuo 1uIlGs. Cr-

è::'l1;::tC::: distE~Lce frc::.:. ll:r-f: 8.1)e~: (0 cm) to base (25 cm). Abscissae: 

. 
Perfusion per alveolus. If perfusion Vlere evenly distributed Qlalv 

\"lould be 100 in all lung regions .. 

('---", 
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Fig. 31. Perfusion distribution in erect subjects vfith one normal lune. 

Ordin,.3..tes: distance fram apex (0 cm) to base (25 cm). Abscissae: per-

fusion per al veo1us. TheBe resul ts are compared i-rith those shol'm in 

Fig. 30 (see text). 
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lungs showed an absence of apical perfusion. A consistant result, then. of 

pneumonectomy is an increase in perfusion of the apex of the remaining lung. 

Presumably. this was due to the fact that flow through this lung was doubled 

by pneumonectoII\Y. with a resulting rise in pulmonary artery pressure. . . 
Regional VA/Q measured in these four subjects are shown in Fig. 32. 

whi.ch may be compared with the results of similar measurements in subjects 

with two nonna.l lungs shawn in Fig. 23. The curves of Fig. 32 vary: PB and 

GD) who showed zonal patterns of perfusion distribution, demonstrated relatively 
• • 

high apical vAl Q whi.ch decreased down the lung to a minimum some 1.5-20 cm. 

below the apex and then rose again as the base was approached. Patients AR 

an:l Je who showed relatively even perfusion distributioI) also showed relatively . . . . 
small differences in regional VA/Q; apical VA/Q were slightly lower than those 

• • 
at the base. The regional distribution of vAl Q in ail four patients were 

consonant ... ith their perfusion distribution if it lfaS assumed that in ea.ch, 

regional ventilation increased dOim the lung. In any event, regional diffez-. . 
ences in vAl Q ,.;ere less striking in the four pa.tients stud.led after pneumonec-

torny t}-l..an in normals 'Wi.th h,o lungs. This VIas largely due to decreased 
• 

apical VA/Q relative to t..'l-J.ose of the remainder of the lung. 

\'[e rr:.ay conclude, then, that when pulmonary blood flOif Has doubled t 

regional perfusion distribution became more even as did the regior~ distri-. . 
bution of VA/Q. Regional gas tensions, therefore, showed less variation from 

apex to base in subjects after pneumonectomy than in subjects ... dth tHO normal 

lungs. Since it has been said that ventilation distribution is depandent on 

regior.al gas tensicns(81), • .;e might expect that ventilation distribution would 
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nOIT.D..l. Ordir.at8s: regional ~AlQ (eq III-7) • . Abscissae: distance from 

lung apex (0 cr::) to base (25 co). Compare these results with those of 

Fig. 25. 
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alao beoome more sven after pneumoneotoç-. Fig. 33 illustrates that suob ws 

o not the case. Regional ventilation per unit volume (reoiprooal of Tt) from 

these four subjeots were compared to similar data from subjeots vith tvo 

normal lungs. When allowance vas made for the fact that there vas a two-fold 

differenoe in FRC between the two groups. the ragional distributions of ven-

(' 
\~ . 

tilation appeared identical. 

In Summ&r:f. sttXiy of patients after pneumoneotomy in vhom the rems" ni ng 

lung vas normal afforded an opportunity to exam1ne the regional effect of a 

large inorease in pulmonary blood nov. Suob patients demonstrated deoreased 

apex to base differences in perfusion. suggesting that pulmonar',Y artery pressure 
• • 

vas increased. In addition. apex to base variations of V A/Q an:i of respirator:f 

gas tensions were reduced. In spite of these changes, the ragionsl distribu­

tion of ventilation appeared to he unaffeoted by pnewnonectOl!\Y. TheBe results 

(79) 
are entirely explicable on the basis of the mecha.nioal models of Permutt 

and West(80) which predict perfusion distribution am the mechanical model of 

Milie Emil :- et al (6;) which predicts the regional distribution of ventilation. 
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PUIJ.10NARY EMBOLISM 

Gas exchange in patients with pulmonary embolism is, at present, im-

perfectly understood. This is, in large part, due to diffieulties in estab-

lishing a diagnosisi it is eommon to diagnose embolie disease on the basis 

of fragmentary or equivocal evidenee. Because of this, une e rtaint y exists 

regarding the incidence, natural histor,y and pathophysiology of this disease. 

Though embolie disease would appear to lend itself to study with radioactive 

gases, very few studi~s of this type have been completed. lriieed. an alternate 

isotopie method for evaluating regional perfusion distribution has reeently 

been developed and applied extensively in patients with pulmonar,y embolism, 

with gratifying results (82). The method employs human serum albumin tagged 
131 

with l. 3y adjusting the pH of the albumin solution. the albumin ean be 

made to forro aggregates of a size such tllat they do not pass through the pul­

rnonary circuit but ~till temporarily embolize the m1crocircul.ation. If a 

ragion receives no flow then it receives no albumin and shows decreased radio-

activity when the lungs are sCaDD8d by radiation detectors. This technique 

is,simpla, does not require high~ specialized equipment, and its importance 

as a diagnostic aid can hardly be overem?hasized. It does, however, have 

draHbacks. lt is difficult to quantitate the results of stuà.ies uith macro-

aggregatesj an area ~~y be cold becausc it has relatively litt le perfusion 

or sirr.ply because thore is relatively little lung tissue in the ar~a. A 
131 

second p~obleDl with l tagged macroaggregates is that. they do not assess 

ventilation. This is not usual~ ~nport~it for clinical purposes, but venti-

lation distribution in pul.'1lona:--.f embolism 1s a q".lestion of consi:ierable 

:'nterest. 



If the blood flow to a region is stopped completely. that region or 

part of i t become dead space. and an alveolar-arterial COi .. d1ff'ereno~ will 

develop(29). Measurement of alveolar-arterial COZ difference has been pro­

posed as a diagnostic test for pulmonar.y embOli5m~Z8) but. in practice, this 

test bas proved disappointing. It has been suggested that this is because 

lung regions which are embolized are also hypoventilated. ~xperiments using 

autologous blood clot emboli in animaIs have suggested that embolized areas 

of lung decl~ase their ventilation(Z7). Temporar,y unilateral pulmonar,y arter,y 

obstruction may be ind-uced ln th balloons introduced on the end of a cardiac 

catheter; normal subjects undergoing this procedure may decrease the ventilation 

on the obstructed side(83). This l~oventilation ~ be relieved by having 

the affected lung inhale COZ,suggesting that the initial ~~oventilation was 

secondar.y to hr?ocapnia. Indeed, overall hypocapnia induced by ~~erventila­

tion has been sh~~ to increase overall airway resistance(84). Thus, there 

is considerable indirect evidence favoring the possibility that regions af-

fected by ?ulmonar,y emboli decrease their ventilation; in terms of gas exchange 

this would be a helpful ~omeostatic mechanism. 
133 

studies with Xe were carried out to elucidate this problem as wall 

as to demonstrate the efficacy of the method in locating pulmonary vascular 

obstructions • 

Seven patients i~ho had e:>..t>9rience:! pulmonar-j" embolism two or more days 

previously were studied (Table 5). !!one of the patients were critically i11 
133 

at the time of the study. Xe study included m3asurement of regional per-
• 

fusion distribution (~), regional ventilation distribution (Tî) and regional 
.Jo.. . . 

VA/Q (eq.)II-7). Cardiac outputs 1-rare not measured, nor~l -,ralues for the 
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TABLE 5 - PATIENTS 1'1lTH PUU-lONARY EMBOLISI1 

Patient Age Sax Diagnosis on admission Other conditions Studies of regional 
NO. to hospital lung perfusion 

1 64 F Fulmonary hypertension; Carcinoma of breast; Pulmonary arteriography,; 
risht heart failure radical mastecto~j 

metastases in bones 

2 58 M Pulmonary emboli None 1311 1ung scan,; 

3 45 M Pu1roonary emboli None 13~ 1ung scan 

4 10 F Pulroonary eni:>oli Leio~os8rcoma of 133necropay 
inferior vena cava 

.... 5 45 F Carcinoma of vulva (Postoperative state) 13l..r 1ung scan) ~ 
0 Pulmonary infarction 

6 29 F Fracture of right hip (Postoperative state) 1311 1ung scan) 
Multiple sc1erosis; 
chronic bronchitis 

1 51 M Pul.JOOnary emboli Carcinoma of trans-
verse colon) chronic 
bronchit1sj ph1eb1t1s 



• • 
cardiac output being assumed. As noted earlier, absolute levels of VA/Q 

vary as different cardiac outputs are assumed, but this does not change 
• • 

relationships among regional VA/Q. 

Six of the seven patients underwent routine pulmonary function tests;. 

such tests were impossible in one patient (no. 4) who died 48 hours after the 
133 

Xe studies. The routine function tests were coropleted within one week of 

the 
133 

133 
Xe except in the case of patient 7 who·was tested one month after the 

Xe studies. 

~onfirmatory diagnostic studies of a specifie nature were available in 

six of the seven patients (Table 5): four had lung scans after injections of 
131 

albmnin macroaggregates tagged with I, one unclerwent pulmonary angiography, 

and the patient who died was autopsied. These confirmatory investigations were 
133 

ail carrled out ul thin 2 days of the Xe studies. Patient 7 had phlebi tis 

and his clinical picture am. laboratory findings were typical of pulmonary 

Unfortunately, pulmonary emboli connnonly occur in patients who have 

other disease. The present series i-laS no exception to this rule; Table 5 

lists the other pathological conditions present in these patients. The prob-

lems introduced by associated disease are illustrated by the results oi the 

routine pulreona~ iunction tests, shawn in Table 6. None of the patients 

demonstrated normal pulmonary function, but oruy in patients 2 and 3 could 

the l'9sults be ascribed to pulmonary embolis!1l per se. Patient no. 1 was obese 

~~d had a radical mastectorny scar wllich may have limited ventilatory function. 

Patient no. 5 had pulmonary infarction with pleural effusion an::! pleuritic 

chest pain. Patient no. 6 had multiple sclerosis inth muscular weakness. 
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TABLE 6 - ROUTINE PUUDNARY FU~TION TI1>TS IN PATIENTS WITH PULlfDNARY EMBOLISM 
(Predicted normal values are in parentheseB) 

Patient Vital Functiona1 ReBidual Mixing Forced Maximal Diffusing 
capacity residua1 volume efficiency expiratory rnidexpiractory capacity 

capacity volume flow rate 
0.75 eec 

(litref!) (litres) (litres) al (litres) (litres/sec) (ml/min/mm Hg) p 

1 1.95 (2.87) 2.57 (2.67) 2.06 (1.65) 56 (50) .1.02 '1.68) 1.32 (2.40) l2.5 (11.8) 

2 3.49 (010) 1.50 (2.98) 1.23 (1.87) 57 (50) 2.40 (2.03) 2.80 (2.77) 19.9 (13.0) 

.l 2.7û (4.05) 2.71 (3.48) 1.76 (2.01) 67 (55) 2.01 (2.68) 2.60 (3.39) 12.4 (16.5) 

4x 

.... 5 1.8).\. (3.05) 2.67 (2.41) 1.57 (1.57) 63 (55) 1.35 (1.88) 2.07 (2.80) 10.3 (14.3) 
~ 
N 6 1.78 (3.15) 1.79 (2.43) 1.59 (1.28) 53 (65) 0.75 (2.20) 0.95 0.40) 13.3 (18.9) 

7 3.68 (4.70) 4.08 (4.25) 3.02 (2.62) 59 (50) 2.35 (2.58) 2.05 (3.72) 17.1 (14.8) 

~\lot studied 



In addit~_on, patient n08.6 and 7 were cigarette smokers ,"dt..~ histories sug-

gestive of chrome bronchitis j expiratory flo·,T ::-ates l'lere grossly impaired 

in no. 6 and the maJdUnmn midexpirators flow rate was depressed in patient 

no. 7. 

In short, on the basis of these results, very little may be said re-

ga:'ding the effect of pulmonary eInbolism on overall pulmonaFs f1L."1ction. 

It can cerlainly be stated that embolism docs net necess.arily decrease the 

diffusing cap.2city ':or CO (Dr,SO), a test of (a:no:-.g other -chin;;s) the integrity 

0: the pèùL~onary capilla~y bed. A tentati VG con::lusion abo ~;.ight be that 

pulmona!'j- embolisr.1 depr8sses the vital capacit2r ('le), for this j;.easurenlent 

produced subno~'ll rcs'-Ù.ts in aIl our paticüts. 30th of these conclusions 
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TABLE 7. 133Xe STUDIES IN PATIENTS HITH PULMONARY EMBOLISM 

Patient Time sinee (apex) Right Lung (base) (apex) Left Lung (base) 
embo1ism 

R1 R2 R3 R4 R5 L1 L2 L3 L4 L5 

1 3 months V t../~ 2. 25 ~ bR!. 2.07 2.89 1"68 1.84 0.78 0.77 0.94 
QI 31 69 40 68 41 50 !Q 111 176 131 
T~ 23 25 26 24 30 27 15 16 28 28 

Z 27 duys V~/Q 0.98 0 0 84 0.91 0.89 0.98 1.00 0.84 1.36 2.68 2.61 
QJ 82 122 116 102 130 106 108 104 60 46 
T~ 34 24 32 20 38 38 38 32 20 40 

3 2 months YA!Q 1.01 1.75 1.35 0.89 0.93 0.60 0.62 0.73 0.58 0.60 
QI 42 29 34 48 48 87 84 79 81 79 
T~ 38 35 31 39 39 35 31 31 35 39 

4 7 days YA/Q 1.03 1.08 1.51 0.82 n.s.* 1.28 1.08 1.63 1.98 1.72 
Q;r 50 83 66 83 55 n 46 53 36 40 
T~ 24 20 20 18 22 28 20 12 18 

5-A 3days VA/Q 1.3~ 1.34 1.00 1.26 n.s. 1.07 0.97 0.99 0.99 n.s. 
QI 72 73 99 50 89 93 109 110 
T~ 22 28 21 64 17 25 24 30 

5-B 22 doys YA/~ 0.8d 0.99 0.95 1.18 1.00 1.05 0.88 1.04 0.97 1.03 
QI 80 93 76 48 24 85 107 92 127 90 
T~ 29 28 24 37 59 22 16 20 24 34 

6 13 days YA/Q 0.89 0.98 1.03 0.98 0.63 0.95 0.96 0.94 0.86 1.28 
QJ 74 81 80 84 84 88 77 94 60 44 
T~ 57 33 29 42 88 33 35 31 65 47 

,7 2 duys YA/Q 1.43 0.89 0.93 1.15 n.s. 2.46 1.95 1.40 1.53 1.78 
QI 68 106 85 56 50 43 79 55 56 
T~ 24 24 59 54 16 30 54 82 52 

j'not studied. Values fr~ reginns whieh were hypoperfused (QI<75) are ~der1in~ -
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Patients rios~ ~ 1-4: d.emonatrated. distinct ~as oflJ1poperfuion whioll ' 
e varie<! in extent trom 2 regions (No. 2) to seven regi~DS (No. 1). In patient 

no. 1 the left apex and the en tire right lung vere umerpertused; this riD:i~ 

1ng ns confimed by puJmonar.y ang:1.ography. Patient no. 2 shoncl qpoper:tusion 
133 131 

at the 18ft base both on Xe studies arxl on l lung scan. . Perfusion of 

the entire right lung was curtailed in the case of patient no. 3. a thding 
, 131 • 

also supported by l scan. Patient no. 4 showed .normal QI o!lb' in regions 
133 

~ and ~; at autopsy 48 heurs iller the Xe study multiple emboli vere 

fOUlXi in the left lung but none in the right. In each of these patients. 
• • • 

regional v,/Q vere high in regions nth QI> 7S. an:l Tt were short am did 

. not appear to vary from region to region in the same patient. Ventilation par 

unit volume appeared to he unaf'fected by regional differences in blood. fiow 

par unit volume. 

Patient no. 5 vas studied tnce (Fig. ;4), once 3 days am ·again 22 days 

alter her embolie episcxle. This patient had a pulmonary infarction at the 

right base (Table J, study 5A. counter ~i study SB. counters 1\ sni RS) on 

both occasions. Infarcted regions showed decreased perfusion, prolonged Tt 
• • 

and high v,/Q. At the time of the first study, apical regions of the right 
• • • 

lung (I1. and R
2

) demonstrated decreased Q:r and high VA/CH Tt. however. vere 

similar to those measured in the normal opposite lung. At the time of the 

second stùdy, blocxl flow to the right apex had increased to normal levels, 
• • 
VA/Q had decreased and Tt was unchanged. In this patient, it appeared that 

in the absence of infarction, ventilation distribution was independent of 

perfusion distribution. 
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Fig. )4. Sequential l;;Xe studies in patient 5. The circles in each lung 

field are scmmatic representations of the cotmter positions, and figures 

relevant to each counter are shawn beside it. The upper part of the figure 

shows data gathered 48 hours after clinical embolization, and the lower 

part of the figure shOws data acquired two weeks later. Bee text for dis­

cussion. 
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r--~-'--:~-" -------
. . . VA/a VA/a QI TI/Z Tyz QI 

22 '72 1'34 1·07 '89 17 

28 ·73 1'34 0 ·97 -93 25 

1 

0 • ! 21 ·99 1·00 ·99 1'09 24 

64 -50 1·26 0 0 -99 1'10 30 
.. ." 

al VA/ Ô {VA/o -TY2 QI TYt 

29 ·80 ·88 1·05 ·85 22 

28 ·93 ·99 ·88 1·07 16 

24 ·76 0 0 1'04 ·92 20 

37 ·48 1·18 0 0 ·97 1·27 24 

59 ·24 1·00 0 1·03 ,,90 34 
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Patients nos .. ,'6.'~~ 7 eaoh'had clironio ainrq diseaéë" iD acW:tion to 

pulmonary embolisme Patient no.6 demonstrated deoreased perfusion at the 
1:31 1:3:3 " , 

right apex am 1eft base on l 1ungscan. On Xe study, Tt vas pro1qed 

in Rt, RSand Lz. (Table 7). In region Rt perfusion vas' sligh~ depressed' . . , 

and V A/Q normal, and it i8 not certàin whetmar the borderline b100d fiow in 

this region vas due to embolism or bronohitis. In region RS' 'Tins long, 
• • • 
~ as normal and vA/Q low -- this region's uHunction may be asoribed to 

bronch1tis. Perfusion vas decreased in both 14 8.nd LS' Ti waS def1n1te4" , 
• • 

pro10nged in ~ and questionab~ so in LS. Howver, - regional VA/Q was h1gh 

in LS. Regions showing more striking curtailment of perfusion than ventila-
• • 

tion, i.e •• regions with high VA/Q have not been encoutered m bronchitis par 

se (see be1ow). At least some of the bypoperfusion present in Lz.. and LS wu 

therefore probab~ due to embolie obstruction. These regions, then, were 

l1kely the site of both bronchitis and pulmonary embolisme Patient no. 7 had 

pro10nged Tt in ~, ~, L~p ~ and LS. Not al! of these regions vere bypo-
• 

perfused and three other regions (Rt, ~. ~) demonstrated low ~ and normal 

Tt. Thus. though these two patients demonstrated soma regions with decreased 

ventilation and some regions with decreased perfusion. one phenomenon vas not 

gener~ associated with the other; there was no evidence of a systematic 

shi.ft in ventilation away fram bypoperfused regions. 
1;; 

The Xe method appeared to be an efficient one for locating pulmonary 
1;; 

embolie In this regard, the results of the Xe studies were the sa.me as 

those of other tests of blood flow distribution, except in patient no. /.J,. 

This patient showed no emboli in the right lung at autopsy' 48 hours a.fter 
1;3 

Xe studies demonstrated hypoperfusion in several are as on the right side. 
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These' tvo': reaults are'llOt JJ8~iasU:llTIContHdiêt0i'7howev.r~·· Reèëlits:.· of .. 
~ry' embolivithin a 48-hour period 1s m~' to Ocour·(8S.~)..:~· ' ; . 

. . . ~ 

This study 1ndieated -that there was no signifieant shitt ot ventila­

tion away' tram embol1Bed areas 48 hours ·dter the embolie episode. J:s noted 

above. such a shitt bas been postulated on the basis of other studies and' a 

variety of meehanisms for the shif't s~ested. Both humans an:i dogs develop 

bronchoeonstriction dter auto10gous thromboemboli (87 .88). It is very l.ikely 

that this effect is due to e1rculating agents such as serotonin which are ra­

leased by the embolie material (87) • However, this bronchoconstrietion 1s too 

severe to 'he local. and is too transient to influence ventilation distribution 

48 hours arter the embolie episode. There is some rather equivoeal evidence 

that extraets ot embolized lungs have high surface tensions (89) • If this were 

the case, such areas would have decreased ventilation. The possibility of such 

changes in pulmonar,y surfactant awaits rurther investigation. 

M discussed above. there is excellent evidence that bypocapnia has a 

bronchoconstrictor effect. Rumans have been shawn to reduce the ventilation 

of one lung wen i ts artery 15 occ1uded and this shitt in ventilation may he 

reversed by COZ inhalation(83). These data are not necessarily in conflict 

with our results however. Eronchoconstriction has been demonstrated only in 

(84) • • tairly severe hypocapnia-at PAc0
z 
-< Z5 mmIIg • When the VA/Q data ot 

Table' 7 were applied to the OZ-COZ diagram it became apparent that the PCO
Z 

ot embolized regions were probably not less than 25 mmHg. This estimate ra-
• • 

quired an assumption regarding absolute V A/Q which depended on cardiac output, 

not measured in these patients. Rowever, given the interregional variation in 
• • 
VA/Q demonstrated by these patients, regional PAcez < Z5 mmRg would have been 

• • 
possible only it vA/Q ot non-embolized regions had been in excess ot Z.O. 

This was most unlikely. 
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• The above argument assumed that units within each single lung region 

behaved in nearly identical fashion. Obviously, this cannot have been the 

case in aIl instances. Eowever, in soma patients,.notably nos. 1 and 2, the 

areas affected b,y emboli wera considerably larger than the counter fields 

which observed their behavior. Further, if aIl the bypoperfused lung ragions 

observed in this study were in fact composed of some units which were no~ 

perfused and others with very little or no perfusion, then important segments 
• • 

of these ragions must have had ve-ry high VA/Q indeed (> 5.0). Hypoventilation 

of such subragions on the basis of hypocapnia would then be expected, and this 

hypoventilation should have been raflected by prolonged regional washouts; 

such was not the case. In light of the above it was felt justifiable to treat 

embolized lung ragior~ as if they were homogeneous. . . 
The highest regional VA/Q noted were in the vicinity of J.O, about three . . 

to four times the VA/o. of normal ragions. These values l ... ere high but perhaps 

not as ~~gh as might have been anticipated. On the basis of these figures, 

it is unlikely that any of these patients would have developed an easiiy 

measurable alveolar-arterial C02 difference. This may be in part explained 

by arguing that the figures uere in error, that because of inhomogeneities 
• • 

of function witllin single lung regions there were much larger VA/Q variations 

than those shawn in Table 7. As discussed above, however, intraregional dif-

ferences ~n function probably were not notable in this series, so other reasons . . 
must be sought for the ralatively 101-: VA/Q of embolized regions. Cne explana-

tion rrl.ght be that SOIl".9 perfusion 't-Tas present distal to the embolic obstruction. 

It has been sh~rn that distal perfusion reay persist acutely(27) and the passage 

of time would tend ta favor resolution of vascular obstruction. A second ex-

planation is that these st~ies dià not take into account the effect of reinspired 
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133 
dead space gas. Xe frem the dead space vas reinspi~ by aU lung regions 

during both infusion and rebreathing. Eec3.use of this, differenoes among 
• • 

regional VA/Q are minimized unless the ':~ead space effeot can be quantitated. 

Such quantitation cannot be done with confidenoe in patients vith lung diseaser 
• • 

80. the V A/Q of embolized regions must have been higher than the values reoorded 

in Table 7. Cn the other hand, Oz and COZ are reinspired from the dead space 
133 

as well as Xe. Indeed patients with pulmonary embolism oharaotaristioally 

have taolQpDea renltiDg in large aIBOUDts of dead space wDt1lation. If. for 

example f one third to one half of the inspired ventilation originated in the 

dead space, gas concentra~ions in a single region could not approach those of 

room air, irrespective of the perfusion of the region. Thus, in embolized 
• • 

regions, gas concentrations consonant vith very high VA/Q (as conventionally 

calculated) would not develop whether the gas considered were 02' CO2 or 
133 

Xe. This may account fOl- -i:.he :!.~ensitivity of measurements of alveola:r-

arterial CO2 differences in the diagnosis of pulmonar,y embolisme 

Tt should also be pointed out that this study waS not..nique in failing 

to demonstrate that alterations in regional perfusion cause changes in regional 

ventilation. Eoth pneumonecto~ (see above) and mitral stenosis(90
) cause 

changes in regional perfusion distribution in humans; in both instances the 

regional distribution of ventilation is normal. Further, in the isolated dog 

lung, deliberate changes in perfusion distribution do not alter ventilation 

di t .. t' (91) s nou J.on • 
133 

To sUl1'IIIlarize f seven patients were studied with Xe two or more days 
133 

after an episode cf pulmonary embolisme The Xe method was efficient. in 

locatillg emboli, detecting hypoperfusion in the same regions as did other 

studies of regional blood flow distribution. Embolized regio:'ls demonstrated 
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• 
lou cq, hibh V A/Q and. normal ventilation; there l,as T'.O evidence favoring shifts . . 
of ventilation û,·ra'J f:::-om c;r::bolized rcgions. :legior..al differenccs in if JQ "ere 

.ri. 

net eztrcr::e; tho Libhest if AI Q in ernbolizeè rebions teins t!:rec te i'our tin:8s 

that of norr:.al regions. These differences 'I,ere such U~t shifts of ventilation 

on D. r;ypocapncüc 'oasis ,;oclè. not have becn expccted. Pcrsistencc: of sorne pe:t-

fusion distal to Gl~.bolic c::st:::-uction .?nd the r6ins~iratior. cf à~ad space ;;".s 

:;CTf; th::: probab:!.o c:~planations for the r:ôlûtiv61y n::'r.or c!:ar.gos in rcgioru:..l 

() 
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4. BROBCHlECT.&SIS 

Bl"oDohiectasllJ, chroD1c pathological dilation of one or more brcmcb1, 

18 di 'gnosed by bronchogra~ lIhich 1& essentially an exa'" n.tion of reg10nal 

bronchi ,' aDatœv. Though the regiODal. lesioœ of broncbiect&818 have tune­

tionaJ. s1gn1t1canoe, the1r functicmal evaluation 18 reDiered. difficnüt by the 

fact tbat patients 1I1th bronohiectas1s ~ bave other lung diseue(ge,92). 

Thua, abDomalit1es in ovarall lung tanot1on tests are freque~ difficult 

to attriblIte to bronahieotasis per se. StMies of regional tuœt10n would be 

sODl8llhat ea.sier to interpret. am when combiœd vith bronchography vould allow 

correlation of regional structures vith f'tIDction. 

lie stmied eight patients vith proven bronohiectasis (Table 8). Five 

patients vere female. three vere male: the age range wu f'rom 19 to 61 years. 

All patients gave a history of chronie eough am sputum. In fi ve llJStances. 

symptoms bagan arter a childhood. episode of pnemnonia an:l another patient said 

bis di.fficulties bagan when he aspirated a chieken bone (Table 8). Four su'b­

jacta had been suspected of having other diseasa as in:iieated in Table 8. 

ill patients UDiarwent an abbreviated battery of routine pulmonary 

function tests including: vital eapaeity CVC). the volUIr.e expired during the 

first secf.mi tif' a foreed vital eapac1ty (FEV1"O). diffusing capa city (Dr.cO) 

aM. in soma instances, mi.xi ng efficiency (ME). 
133 • • 

Xe studies were perf'ormed as deseribed in Section III. Regional V A/Q 

vere camptIted without corrections for the affeetB of the dead spaca or re-
133 

circulating Xe. Cardiao output vas measured exoept in patients 2, 3 am 7: 
• 

normal values vere aBsUII9d for these subjaots, Regional Qr were measured to 

evaluata per:fus:1.on and regiona.l Tt vere me~urEd duril'lg washout from infusion 
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TABLE 8 - CL1NICAL DATA 1K PAT1ENI'S H1TH BRO!\"C~TASIS 

Patient 
1Urnber 

l 

2 

3 

6 

7 

8 

Sex & 
Age 

Hale 
61 

Fe rra le 
33 

Female 
25 

Female 
39 

Hsle 
26 

Fe:r.318 
32 

1-:ale 
lü 

Female 
19 

Years Cough 
And Sputum 

40 

4 

2 

30 

20 

25 

21 

19 

Predisposing 
Disease 

None 

Bronchopneumonia 
Chlldhood. 
Recurrent 101Jer 
respiratory tract 
infections. 

Pneurnonia 

Cou(;h éind 
l;heezin::; sinee 
early childhood 

Bronchitis and 
?neurnonia at 
Age 6. 

?neumonia 
Ace 7 

Acpira-t.i.oll 
C J--.ic ken 
bone, 1945 

Pneumnia 
Age :) nontr~ 
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Other 
Disease 

Chronic Bronchitis 

None 

None 

"Bronchial Astruna" 
Oti tis Hedia 
La tent Diabetes 
he llit us 

l'~one 

l!one 

Cr.ronie Eronchi tis. 
Fulmn2ry FitroEic. 
01d P-.:l,r.ons17 'luber­
culoEis. 
?ost 18ft L01.;er Lote 
l1esect ion. 
Cor Pul.'1".onale. 
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and again durlng .&ahout f'ram rebreatlrl.ng. Washout results ... re e%pressee! 
• 

iD teru of' the rec1procal of' Tt, or ventilation per unit VOlUM (v/v) • 
• 

llthough values f'or vlv ref'lected regiOD&l d1f'ferenoes f'or each patient, 

beoause of' dif'f'erenoes in overall ventilation and FRe, interaubjeot oomparison 
• 

using values of' vlv alone is not valid. Therefore, f'or oomparative purposes, 
• 

in each patient the _an V Iv of regioœ oonsidered normal vas oaloulated &Di 
• 

aU regional values of' V Iv in that patient 1I'8re then expressed as a percent of 

th1s _an; these iDiioes have been termei relative regional ventilation. For 

the purpoaes of' oomparing the distributions of' ventilation aM perf'uion, rela-

tive regional perfusion wu sim1larly OOllputed by oomparing in ba.m ~tl~ut aU 
• • 

ragional cq to the mean ~ of normalJ.y ventUated regions. It should be pointed 

out that the seleotion of' normal regions wu arbi tra.l7. In geœral ragions 
• 

lIhich produoed. high values for vlv vere designated normal aM it ia l.ikeJ.y that 

soma ragions not designated normal were not in fact diseasad. However. relative 

ragiona! ventilation a.ni relative regional perfusion were computed only for pur-

poses of data presentation; s. different approaoh to these computations would 

not have affected the reaults of these studies. 
133 

\<Ii thin days of the Xe studies, bronchography wa.s oarr1ed out in each 

patient. Bilateral broncllograms were available in a.1l patients except patient 7. 

The x-rays were evaluated region by ragion by an indepenient observer who was 
133 

unawara of the results of the Xe studies. The lung ragions evaluated wera 

chosen 50 that they coinoided as much as possible with the ragions studied with 
133 

Xe. On the basis of the col.lima.tion used in these studies, it vas estimated 

that in the Dddcorona.l pUUle the counting neJ.d. of each sointillation counter 

vas a ci.rcJ..e o~ , cm. cu.a.meter. Accoro.:Lngly, Circles oi 5 cm. a.J..ame'Wr .era 
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Fig. 35 •. Left bronchogram of patient 5, with 5 cm rhïgs in place de­

l ineating the bronchographie regions asseased. The rings were placed 

to include the 133xe cotmter fields in the mid-coronal plane. 
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TABLE 9 - NUMERICAL SYSTEM USED IN EVALUATINJ 
BRON::Hor~.f) 

Anatomieal Lesion 

No Abnormali ty 

Changea consistant wi th 
bronchitis. No diagno:tic 
ebidence of bronchiectasia 

Cylindrieal bronchiectasis 

Cylindrical anà varie ose bronc­
iectasis 

Varicose bronchiectasis 

Varicose and cystic bronch­
iectasis 

Cys tic bronc~~ectasis 
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Nwœrical Value 

1 

lB 

2 

3 

4 

5 

6 



aU1Dd to the ï:aroDcmop'Ul 1IÂII& the ._ COOl'd1Bate8 tbat hId beeD aployecl 
133 

to set ~ 8OintUlation coœrters tor the Xe stud1H. B'taluat1on et the 

bronch~ WU oODt1Ded to the porticma which ten 1Ds1de theae oirole8 

(Fig. 35). These reg10œ _1'8 then 800m ~r1aal.lT aooordiDg to the tJpe 

of bronch1ectas1s 1IIh:1eb they c0Dt.e1ywl. The mmer1cal syetem wsed WU ada.Dtad 

tram the classification of Be1d(9)}". She separated bronchiectasis into three 

types. cyliDirical. varico&e am saocular. each or 1Ih1eh coald be recognised 

bronchographic~. Bach ot these types 1IIS as8oc1ated vith loss of a1rway 

8ulxlivis1.oDS distal to the brcmch1al les1.oni th18 los8 vas least severa in 

c;rl:Udrical bronchi.ectaGis aM most severe in les1.ons ot the sacoul.ar var1ety. 

The system 118 used 18 shown in Table 9 mi 18 moditied trom that of Reid only 

in that 1. t allows notation of ragions which contained more than one type of 

bronchiectasis. 

RESULTS 

The results of routine lung tunetion tests are shawn in Table 10. M 

might be expected. the vital capacity (VC) an:l volume expired during the first 

second of a forced vita.l capacity expiration (FEV1•0) 'f81"e redu~ed; the amount 

of this reduet10n varied fl'Olll severe (Patients 7 an:! 8) to very m:lld (Patient 5). 

Of greater interest vas the fact that Drço was definitely abnormal in most 

patients - only patients 1, 2b am 3 demonstrated Drço which vere withi.n nor­

mal. l.imits. M1.rlng efficiency (ME) vas redueed in the two patients in ldlom 

it was measu.red. 
133 

Table 11 eontai.ns the results of the le studies together vith the 

reaults ot the bronchographie evalua.tion. VeDt.1lation wu &SleBSed using botb 
• 

washout after rebreatbillg am wuhout &!'ter intusion; the _an of the V/V 
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TAI~LE 10 - PU1LONARY Fm:CTION TESTS IN JjRONCHIECTASIS 
(Predicted Normal Values i!1 Brackets) 

Patient VC (1) FEV (L) 1.0 DLao (nù./min/nmiig) ME(%) 

1 2.6:; 1 0 11 17.4 
0.70) (2.20) (13.3) 

2a 2.81 1.08 13.6 
(J .h5) (2.53) (18.7) 

2b 3.60 2.52 15.0 
(3.16) (2.99) (18.7) 

3 2.36 1.95 17.9 46 
1-' 

(3 •. 68 ) (1.98) (19.7) (65) 
VI 
\0 

5 tf.Ll7 4.oLf 16.6 
(lf.95) (4.0!r) (23.3) 

6 2.00 1.h4 11.6 
(3.65) (1.66) (19 0 2) 

7 2.76 1.16 7.8 
(4.20) (2.29) (19.3) 

8 2.15 1013 9.4 21 
0.42.) (1.80) (18.9) (70) 



ùr1ft4 tn. tM t'llO -..hm. 18 èoa. Beai- e8I!SiHNd MNal for tM 

pepee • .t.~ nlatift NIlOMl ftIIt11ati_ ml Nlatift NI1aa1 pel"­

Ni. an 1Bd1oated. 10 "Ii=- Ocmt·,niDI JNl"e a.ocnalar b~ 

(pwie 6) _N .. cnmtered iD tb1s .. ri ... 

• 
Cc.par1aOD of broDchographic acOl'U with NaiOD&l V/V 1"8ft&la pocl 

PDeral qlu.urt exoept iD patient 1 (a •• below). Beg1cms wh10h ah __ ab-

1l00000000V - bJooDohoP'U _N lua wll veDt1.latec1 tbaD th •• that d1cl DOt. 

B1'ODGh1ectaria .... pru.ut .t the right 'bu. of patiellt 2 _ tw oeoariODI 
(, 

(2& aD! 2b); V/V _N 10w iD theae &NU beth t1Ma. P.tieDta 3. ,. &Dl 5 had. 

18ft bas1lar bNJlGh1ectaaia and tbea. reg1cms wo ciaonstrated muoecl .... B­

tilat1on. Pati.nta 6 &Dl 8 dellCm8trated broœh1.otasia àt both bu.. lIbioh 

wre IQpoteDt1lated .. wu the r.1ght apax of patieJlt 8 who had grade 5 (G,Ylltio 

and varicese) brcmcb1eotas1.w in tbia area. Orù.y the right lung of patieDt 1 

wu eval11&ted bronchograpb1~. am the whole lung shond SOJll8 broncb1ect&tic 

abnormality. While the base of tbis lung shoved reduced. .... nt1l.ation. it is 

possible that the apex (region 11.) 1IaB tunct.iODiDg normally in spite of ita 

bronchographie appea.rance. Patient 1 dU atypioal in that reg1.on 1\ daman­

strated cyl1Mrical bronahiect&sis but its ventilation wu not r@duced. This 

patient also ha.d radiographie evidence of bronabitis (~,4); irregular bronchial 

margins am dihted mucous glaD:ùs were seen in l'$gions Ly. Lq. and L5. 

Almost all regions lIhioh we1'8 bronohieotatic wer8 WO bypoventilated • 
• 

but low values of vlv vere not oonfiDsd to bror.ehiectatic ragions. IDieed, 

adjaoent to regions vith bronchiectasis. bronchographically normal regi01'l8 
• 

frequently demonstrated reduced V/V. As a result, it OOJlll1O!ÙJ' appeared that 

a luger area of lung vas tunct.ionally abnomal tban oould he dememntrated 

by bronchogru. 
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TABLE 11. RESULTS OF BRONCHOGRAPHY AND 133xe STUDIES IN PATIENTS WITH BE 

Patient 

1 

2a 

3 

4 

5 

6 

7 

8 

* BrS -

YA/Q 
QI 
V/V 
BrS 

YA/Q 
QI 
V/V 
BrS 

Yi/Ô. 
QI 
V/V 
BrS 

VA/o. 
Q v7v 
BrS 

YAfO. 
~7v 
BrS 

(apex) 
RI 

0.56 
99 

2.29 
1 

0.58 
132 
3.14 

1 

0.95 
88 
4.50 

1 

0.99 
IT7 
2.40 

1 

0.58 
ïï9 
1.84 
-1-

0.55 
85 

1.88 
1 

0.55 
74 

2.07 
1 

0.73 
ïï'7 
2.61 
-2-

0.61 
69 

0.56 
5 

R2 

0.59 
98 

2.63 
1 

0.40 
106 
2.48 

1 

0.99 
103 
5.00 

1 

1.04 
118 
2.86 
-1-

0.60 
139 
1.97 
-1-

0.57 
9"6" 
2.38 
-1-

0.61 
-"94 
2.17 
1 

0.56 
99 

0.97 
2 

0.63 
88 

0.67 
5 

Bronchographie score 

Right Lung 
R3 

0.60 
100 
2.36 

1 

0.27 
61 

0.53 
2 

0.90 
92 

3.42 
1 

0.99 
110 
2.22 
-1-

0.54 
101 
1.69 
-1-

0.55 
Tï8 
2.71 
-1-

0.62 
95 

1.60 
l 

0.40 
90 

0.86 
3 

0.53 
47 

0.33 
4 

R4 

0.60 
115 
2.47 

2 

0.29 
53 

0.39 
3 

0.87 
61 

2.08 
1 

0.96 
gr-
1:87 
-1-

0.53 
105 
1.86 
-1-

0.51 
112 
2.81 

1 

0.54 
97 

1.02 
4 

0.44 
67 

0.38 
4 

0.50 
47 

0.39 
4 

(base) 
R5 

0.64 
103 
1.60 

lB 

0.31 
41 

0.46 
4 

0.77 
55 

1.01 
2 

0.95 
87 
2:ï4 
-1-

0.64 
109 
1. 91 
-1-

0.50 
121 
2.19 
-1-

0.51 
52 

0.22 
2 

0.49 
68 

0.42 
5 

n.s. 

+ These regions contained bronchographic medium at the time of the 
* n.s. - Not studied 

(apex) 
LI 

0.55 
87 

2.23 
1 

0.80 
120 
4.58 

1 

0.97 
107 
4.72 
-1-

1.00 
103 
2.22 
-1-

0.60 
99 
1:75 
-1-

0.57 
101 
2.22 
-1-

0.57 
85 

1. 79 
1 

0.32 
33 

0.16 
n.s.* 

0.77 
147 
1.67 

1 

133Xe 

L2 

0.64 
89 

2.22 
1 

0.90 
150 
4.76 

1 

0.90 
96 
4.26 

1 

1.03 
95 
2:22 
-1-

0.55 
ïï9 
2.14 
-1-

0.39 
117 
1.54 

1 

0.61 
116 
2.53 

1 

0.40 
41 

0.28 
n.s. 

0.65 
156 
1.14 

1 

study 

Le 

Regions which were considered normal for the purpose of calculating relative regional VE 
region~l perfusion gre underlined. 



11. RESULTS OF BRONCHOGRAPHY AND l33xe STUDIES IN PATIENTS WITH BRONCHIECTASIS 

!x) R1ght Lung (base) (apex) Left Lung 
R2 R3 R4 RS L1 L2 L3 L4 

,6 0.59 0.60 0.60 0.64 0.55 0.64 0.59 0.49 
~ 98 100 11S 103 87 89 88 88 
~9 2.63 2.36 2.47 1.60 2.23 2.22 2.56 1.89 

1 1 2 lB 1 1 lB lB 

58 0.40 0.27 0.29 0.31 0.80 0.90 0.58 0.48 
106 61 53 41 120 150 92 83 

l4 2.48 0.53 0.39 0.46 4.58 4.76 3.11 1.~6 
1 2 3 4 1 1 1+ 1 

}5 0.99 0.90 0.87 0.77 0.97 0.90 0.89 0.94 r- 103 92 61 55 107 96 95 84 
;0 5.00 3.42 2.08 1.01 4.72 4.26 4.23 3.17 

1 1 1 2 -1- 1 1 1 

}9 1.04 0.99 0.96 0.95 1.00 1.03 0.98 0.69 
7 118 110 gr- 87 103 95 97 74 
~O 2.86 2.22 1:87 2:ï4 2.22 2:22 1.43 0.65 

-1- -1- -1- -1- -1- -1- 1 3 

i8 0.60 0.54 0.53 0.64 0.60 0.55 0.44 0.25 
j 139 101 105 109 99 TI9 67 37 
14 1.97 1.69 1.86 1. 91 1:75 2.14 0.66 0.13 

-1- -1- -1- -1- -1- -1- lB 2+ 

i5 0.57 0.55 0.51 0.50 0.57 0.39 0.26 0.34 
9"6" Tï8 112 121 101 117 90 41 

:8 2.38 2.71 2.81 2.19 2.22 1.54 0.50 0.24 
-1- -1- 1 -1- -I- l 1 3 

5 0.61 0.62 0.54 0.51 0.57 0.61 0.61 0.45 -"94 95 97 52 85 116 ll5 64 
7 2.17 1.60 1.02 0.22 1. 79 2.53 1.86 0.21 

1 l 4 2 1 1 1 3 

1 0.56 0.40 0.44 0.49 0.32 0.40 0.66 0.54 
99 90 67 68 33 41 48 77 

1 0.97 0.86 0.38 0.42 0.16 0.28 0.82 0.75 
2 3 4 5 n.s.; nea. n.s. n.s. 

1 0.63 0.53 0.50 n.s. 0.77 0.65 0.54 0.40 
88 47 47 147 156 63 59 

6 0.67 0.33 0.39 1.67 1.14 0.36 0.32 
5 4 4 -1- 1 5 5 

ic score 
ained bronchographie medium at the time of the 133Xe study 

onsidered normal for the purpoae of calculating relative regiona1 ventilation and rel 
!ire underlined. 



~LE 11. RESULTS OF BRONCHOGRAPHY AND 133xe STUDIES IN PATIENTS WITH BRONCHIECTASIS 

:apex) R1ght Lung (base) (apex) Left Lung (base) 
RI R2 R3 R4 RS LI L2 L3 L4 L5 

0.56 0.59 0.60 0.60 0.64 0.55 0.64 0.59 0.49 0.59 
99 98 100 1lS 103 87 89 88 88 97 

2.29 2.63 2.36 2.47 1.60 2.23 2.22 2.56 1.89 0.98 
1 1 1 2 lB 1 1 lB lB lB 

0.58 0.40 0.27 0.29 0.31 0.80 0.90 0.58 0.48 0.40 
132 106 61 53 41 120 150 92 83 59 
3.14 2.48 0.53 0.39 0.46 4.58 4.76 3.11 1.~6 1.~2 

1 1 2 3 4 1 1 1+ 1 1 

0.95 0.99 0.90 0.87 0.77 0.97 0.90 0.89 0.94 0.92 
88 103 92 61 55 107 96 95 84 87 
4.50 5.00 3.42 2.08 1.01 4.72 4.26 4.23 3.17 3.33 

1 1 1 1 2 -l- I 1 1 1 

0.99 1.04 0.99 0.96 0.95 1.00 1.03 0.98 0.69 0.59 
IT7 118 110 gr- 87 103 95 97 74 40 
2.40 2.86 2.22 1:87 2:ï4 2.22 2:22 1.43 0.65 0.38 

1 -1- -1- -1- -1- -1- -l- I 3 1 

0.58 0.60 0.54 0.53 0.64 0.60 0.55 0.44 0.25 0.29 
ïï9 139 101 105 109 99 ïï9 67 37 30 
1.84 1.97 1.69 1.86 1. 91 1:75 2.14 0.66 0.13 0.11 
-1- -1- -1- -1- -1- -1- -l- IB 2+ 2 

0.55 0.57 0.55 0.51 0.50 0.57 0.39 0.26 0.34 0.37 
85 9"6" Tï8 112 121 101 117 90 41 63 

1.88 2:38 2.71 2.81 2.19 2.22 1.54 0.50 0.24 0.33 
1 -1- -l- I -1- -l- I 1 3 4 

0.55 0.61 0.62 0.54 0.51 0.57 0.61 0.61 0.45 0.28 
74 -"94 95 97 52 85 116 115 64 44 

2.07 2:17 1.60 1.02 0.22 1. 79 2.53 1.86 0.21 0.11 
1 1 l 4 2 1 1 1 3 4 

0.73 0.56 0.40 0.44 0.49 0.32 0.40 0.66 0.54 0.53 
ïï'7 99 90 67 68 33 41 48 77 131 
2.61 0.97 0.86 0.38 0.42 0.16 0.28 0.82 0.75 1.14 -2- 2 3 4 5 n.s.; nes. n.s. n.s. n.s. 

0.61 0.63 0.53 0.50 n.s. 0.77 0.65 0.54 0.40 n.s. 
69 88 47 47 147 156 63 59 

0.56 0.67 0.33 0.39 1.67 1.14 0.36 0.32 
5 5 4 4 -l- I 5 5 

aphic score 
133Xe ontained bronchographie medium at the time of the study 

ied 

e considered normal for the purpose of calculating relative regiona1 ventilation and relative 
ion gre underlined. 



In addition, as shawn in Fig. )6, the first stldy ot patient 2 (stldy 2&) 

• showed reduced ventilation in regions 1:3' li,. am L5 though these regions 

appeared normal on a bronchogram done 48 hrs. befo:re. However, this may have 
133 

been the trouble. sinee at the time of the Xe study radio-opaque broncho-

graphie medium vas scattered through the 1eft base. The medium itself may well 

have caused the dysfunction observed in this area. In arq event. when the pa­

tient vas re-stmied 6 months later. the medium vas gone an:l ragions 1:3. Iq. 

am L5 funct10ned normally. Patient 4 also had SOlDe bronchographie med1'\lJJl 
133 

ratained at the 1eft base at the time of her Xe study. lihich may have con-
• 

tributed to the extremely low values V/V seen in these areas. 

When the series ws considered as a who1e, regional function did not 

correlate well with the type of bronchiectasis noted.. In Fig. Tl, bronchographie 

score was plotted against relative regional ventilation. Regions vith ratained 

bronchographie medium are GO indioa.ted. In general bronchiectatic regions were 

less well ventilated than others. When cyliDirical bronchiectasis (grade 2) 

was present, regional function wa.s qui te variable wi th instances of both normal 

am severely compromised ventilation being observed. More severe lesions wre 
• 

alwys associated l'dth deprassed V/V but the degroe of bypoventilation appeared 

to be no worse than the majority of ragions with cylindrical bronchiee'ta.sis 
• 

(grade 2). V/V were in:lepsn:lent of the anatomic&! f1n:iings once varicose 

(grade 3) bronchiectasis was present. Functionally, these patients ten:led to 

demonstrate two ldrxis of ragions, those Wich were normalJ.y or nearly normal.ly 

ventilated, a group inc1uding soma ragions with cylindrical bronohiectasis; and 

those which were very bad.ly ventilated. a group including most ragions wi th 

cyl.iD:lrical bronchiect&sis and aU vith varicose lesions. There were few 

regions which demonstrated an intermediate or moderate degree of hypoventilation. 
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v/~ Q/v VA/a VA/a a/v V/v 

3·14 132 ·58 ·80 120 4·58 

2048 106 040 ·90 150 4·76 

·53 61 ·27 ·58 92 3,11 

·39 53 ·29 0 ·48 83 1·56 

·56 41 ·31 0 040 59 1·62 

V/v a/v VA/a VA/a à/v v/v 

4·50 88 ·95 0 ·97 107 4·75 

5·00 103 ·99 0 ·90 96 4·26 

3042 92 ·90 0 ·89 95 4·23 

2·08 61 ·87 0 ·94 84 3·17 

1·01 55 ·77 0 ·92 87 3·33 

Fig. 56. Sequenti:J..l studies in patient 2. At the top is the first study, 

below is the one perfor:1ed sb:: mor.the later. !·feaeured vAfo., ëJv and 

v/v are placed opposite schernatic counter fields indicated b;.r the circles. 
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BRONCHOGRAPHIC SCORE 

FiSo 37. Correlation of' 1.53xe findil1Ss \!ith bronchographie assessnent. 

Ordinate: relative regional ventilation. Abscissa: bronchog~aphic score. 

Each point represents a l1..U1.8 region. Open circlee (0) are regiol1s \'lhieh 
1--

contai.'1ed broncr.ographic medium at the t:i.me of the "Xe study, 8.nd 

closed circles (.) are regions 'I-rhich d id note 
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Irrespective or bronchographie score. regions which displayed prolonged 
• • • 

washout (low v/v) also demonstrated low VA,/Q. Interregional variations of 
• • 
V AÎ Q were considerable but nover as large as interregional. variations in ven-

tilation. This vas in part explained by the fact that regional. perfusion vas 

WO correlated with regional ventilation. Fig. 38 compares relative regional 

ventilation vith relative regional perfusion for aU patients. VDlen relative 

regional ventilation wu 1e8s than 6CJ1,. relative regional peri'usion vas almost 

unitormly decl"8&sed. 

The depenience of ragional perfusion on regional ventilation was str1kingly 

111ustrated by comparing the two studies of patient Z (Fig. 36). On the tirst 

occasion ventilation in ragions Lt-z wa.s higher than any other region. am. only 

Rt was as well perfused as these regions. Six months later. s.fter the patient 

Md stopped smoking and followed a program of antibiotics ani postural drainage. 

ventilatory fonction had illIproved 50 that only Rq...5 appeared to exhibit sig­

nificantly decreased ventilation and with the exception of these regions, per-

fusion distribution also appeared normal. In ether liordS. successf'ul therapy 

which was a.i.med at incraasing the venti1a.tion of abnorma.l ragions aIso increased 

the perfusion of these regior.s. 

In oroer to compare regional rasults with tests of ovorall functionf 
• 

mean values of ralati ve regional V Iv ani mean values of regional bronchographie 

score ... ere calculated for ea.ch patient. The first of these wa.s thought to 

reprasent overall venti1a.tory impai~nt, the second to represent the erlent 

of bronchiectasis. These in:iiccs did not correlate well w.ith either VC or 

FEV1• O' but did idth each ether alXi with Dr..:o (Fig. 39). However, both Drco 
• 

sni man ralati ve regional V Iv correlated as well wi. th the number of ragions 

involved by bronchiectaBis in each patient (Fig. 39) as they did with mean 
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Fig. 58. Regional distribution of perfusion in bronchiectasis. OrdL113.te: 

relative regional perfusion. Abscissas relative regional ventilation. 

Each point represents a lung region. 
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SCORE 
MEAN V/V (REL) 

Fig. ~~;. Correlation of 11.co ,."ith 135Xe and bronchographie recul ts. 

Ordimte: steady s'tata diffusing capacity of the lung for CO, ex-

pressed as a per cent of the predicted normal value. Abscissae: 

n'...tQlber oi' 1l.l.Tl[; regions \Thich demonstrated bronchiectasis, expressed 

as a percent of the total regions examined in each patient (left); 

mean bronchographie score for each patient (center); l1lean relative 

regioll9.1 ventilation for each patient (right). Open circ1e (0) in 

the right band panel indicates study 2ai bronchographie mediu:n was 

1--
present in the lU!l[; of this patient durine the "Xe study but. not 

when ILao was measured. Crosses in the center and 1eft panels are pa-

tient 7i bronchographie eva1uation "'"8.S carried out for the right 1ung 

~, 'il'" h n. • Id ... · .C> ... • Ll b th l oUJ.y, wn e .... "a .u'.uCO preSUU8.o y ne3.sure ,,1".eol une lIlon Ool 0 ungs. 
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bronchographie score. This was of course to he expected in light of Fig. ']7 

which indicated that the degree of regional ventilatory impairment was more 

deperrlent on the pressnce of bronchiectasis tha.n its extent. 

The results of the routine lung function tests shawn in Table 10 are not 

greatly different fram those reported in a larger series(95). Figures for 

Dreo are somewha.t lower than those of Cherniack an::i Carton(95), but these authors 

used a single breath test which in the presence of obstructi va lung disease is 

known to p~uce values which are more nearl,y normal than ia the case with steady 

state methods(9f). Our failure to find a correlation between bronehographic 

findings am either VC or FEV1 •0 are probably due to the sma11ness of the series; 

such correlations were fowrl by Cherniack am carton (95). The striking correla-
1']'] 

tion between Dtco and results of both Xe and bronchography was gratif,ying 

an:l may indicate that the steady state Dr.:co ia a particula.rly va.1uable test in 

patients with relatively uncomplieated bronchiectasis. We found that Dtco 
correlated as wall with the number of bronehiectatic regions (irrespeetive of 

the type of bronehieetasis) as it did with the mean bronchographie score, 'Which 

took aeeount of type or severi ty of bronchiecta5is. This is preeisely what has 

been found by Cherniack and Carton(95) who also related overall function to 
l']J 

bronohographie findings. T'nese àata agree with the Xe îin:iing that relative 

rogional ventilation W3S indepennent. of the anatomieal type of bronchiectasis 

(Fig. J7) • 

. ~ expected, bronemectatic ragions generally showed fID'lctional abnor­
lJJ 

mality when studied with Xe. The pattern of functional abnormality 
• •• • 

(10.. V/V, VA/Q and ~) was also expected. There waret hawever, areas of peor 
lJJ 

agreement between the Xe and bronehographic studies; these faLl into three 

groups. 
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First, bronchographic~ normal regions adjacent to bronch1ectat1c 

regiOIlS frequently demonstrated abnormal function (e.g. patient J). The most 

obvions explanation for th1s phenomenon is that the spatial resolution of the 
1JJ 

Xe technique was less good than that 4f'forded by bronahograpby. This vas 
1JJ 

very likelJ" the case, sinae lung regions as studied by Xe were eonical, 

not cylirdrical and sinee contamination of regional eount rates by radiation 

Beattered from other regioDS eould not be prevented. lY.d'ferences in spatial 

resolution were not necessar1ly the only reason for the area of functional ab-

normali ty to exceed the area of anatomical bronchieotasis, however. Some 

ragions borde ring a lung raglon containing ectat1e bronchi uMoubtedly were 

supplied in part by these bronehi azxi, therefore, would have been expeoted to 

funotion bad13. It W9.S also possible that bronchial filling wa.s incomplete 

am abnormal bronchi, therefore, not seen. Finally, parenchymal or pleural 

abnonnalities might have affected ragions adjacent to frank bronchiectasis. 

For example, patient J had bronchiectasis only in L4 but also showed ventila­

tory abnormality in both L) an:i L5. At surgery, this patient was round to 

have pleural adhesions involving the entire 1eft low'"'9r lobe, mnch might have 

limited ventilation through much of the lower left 1ung field. 

Second, though most bronchiectatic ragions ,"-era hypoventila'c.ed, some 

which exr..d.bited oylinirical bronchiectasis were note Further, the type of 

bronchiectatic lesion did not seem to influence the degree of hypoventilation. 

Overall function was more sensitive to the amount of lung involved by bronchi-

ectasis than to the type or intensity of bronchiectasis in al\Y ragion. !gain, 

these results may have been influenced by technical problems. Thus, patient 1 

who had cyl.irrlrica.l bronchiectasis involving the right midd.le lobe (~J seemad 

to have normal function in this area. The anatomical lesion was situated 
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anteriorly: posteriorly placed counters are relatively insensitive to snch 

lesions and it was possible that a minor degree of right middle lobe malfunction 

liaS simply not recorded. 0nlJr a minor degree of malfunction could he so over­

looked hovever. Patient 6 demonstrated much better ventilation in R4 which con­

tained varicose bronchiectasis than she did in RS which had oyliDirical disease. 

The explanation for this may he that the lesion in ~ li~S wall ciroumscnbed 

am surrotmied by presumably normallung tissue, i.e •• the bronchiectasie was 

subregional in R4 while the entire counterf'ield of RS was involved by oyl1D::lnoal 

bronohiectasie. Once again, however~ it is not likely that ill the variabil1ty 

of function demonstrated by bronoh1ectatic ragions can he explained on the buis 
133 

of suoh teehnioal factors. Xe washout may he importantly influeneed by ab-

normalities not relleeted on bronchography, such as the status of small air-

ways. Mucous plugging of very sma.ll ( < 2mm) airways would produee functional 

but not necessaril,y bronchographie abnorms.l1ty. It i5 of interest, then, that 

bronehiecta.tio lung regions near the apex (patient 7 and. 8) tended to function 

better than those at the base irrespective of the type of bronchiectasis seen, 

perhaps because retention of secretions was !nOM prominent in the depandent. 

basal are9.S. The presence or absence of lesions not apparent on the broncho-

gram would appear to be of erucial importance in determining the function of 

ragions with oylindrieal bronehieetasis. This i5 illustrated by the fact that 

some ragions with cy1imrical disease (patient 1, raglon R.5' patient 7, region 

Rt) showad good preservation of funetion, Wile ether regions idth similar 

bronchographie appearance (patient 6. region R.5) show-ed grossly decraased ven­

tilator,y function. 

Third an:l fina.lly. in two patients (1 and 2&) there ws evidence of hypo-

ventilation in ragions 'idlieh neither contained nor wre adjacent to areas of 

C': bronchiectasis. These patients will he diseussed individually below. 
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The aequential st1Jdiea of patient 2 (Fig. 36) present severa! interestiJ'lg 

aspects. In the 6 months between studies, bronchograms. routine function testa 

133 
aM the results of study with Xe all shond improvement. Part of th18 im-

provement vas probably becaUBe the initial studies vere completed four veelœ 

after an episode of right lover lobe pnelDllonia. Some of the bronchographie 

fiMings at the right base and their atterxiant funotional abnormall ties ma,y 

have been due to post pneumonie bronchiectasie which ws partially reversible. 

The funotional abnQmV,it1.es at the left base in study 2a were likely secorxiar,y 

to retained bronchographie medi1lJl. It is known that overall lung function is 

fot:..\ 

reversibly depressed by bronchography v .... " so that regional retenti on of radio-

opaque mate rial might be expected to cause reversible regional malfunotioni 

this may aIso have been the case in region ~ of patient 5 lihioh showed strlking 

hypoventilation. On the firet study patient 2 showed major washout disorepanoies 

at both the left base and. right apex; washout of infused isotope was slower 

than that of inhaled isotope. This irldioated that these ragions were not 

•• • 
functioning in homogenous fashion; units with low V A/Cl a.zd V/V oo-erlsted with 

•• • 
other units having high VA/Cl and V/V. (See the seotion on bronchitis for a full 

dis~ussion of this phenomenon). Suoh an effeot mtght have been produoed by an 

uneven àistribution of oontrast medium st the left base, but the expla.nation 

for the f:indings at the right apex wa.s not 50 apparent. These right apioal 

ragions may WO have been reoovering from uneven involvement by bl.:>nchitis 

or bronchopneumonia at the time of the first study. In any event, six months 

later (Fig. 36B) no washout disorepancies were apparent. 

Patient 1 had chronio bronohitis as well as mlld right midd.le lobe 

bronchiectasie. Bronchi tis probably played the Most important role in de­

termining this patient' s overall aIXi ragional function. This patient showed 
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• • 
some restriction of ventilation at both bases vith sl1ght depression of V,/Q 
at the 18ft base. ~o, at the 1eft base, ventilation as derived fram washout 

iller infusion vas 1ess than that eomputed after rebreathing. It will be 

shawn (see section on bronehitis) that this fiDcHng impl1ed regiona11nhomo­

geneity of function. something eOllllllOnly found in regions affeeted by chronie 

bronchi tis. 

Thus, in both patients 1 am 2, there i5 evidence that some regiona.1 ab­

normality m1.ght have been expeeted on the basis of disease other than bronehi-

ectasis; these patients showed such abnormal1ties. 

Whil.e Table 11 shows distinot differences in regional funotion, the varia-
• • 

tion in ragional vAl Q are not large enough to implJ signifioant impairment of 
• • 

overall gas exchange. Regional vAiO can be interpreted l1terally, however, 

only "-hen there are no functional differences tdthin l~ ragions. In patients 

1 and 2 disc:repancies in regional Wa.Si11l'mt clearlY indicated that functional 

inhomogeneities did erlst in soma lung ragions, but these were not regions in 

Wich bronch1ectasis wns demonstrated. In addition to these patients regional 

washouts after rebreathing could he compared to washouts after infusion in 

patients 5, 7 and 8. No significant washout discrepancies were noted in these 

subjects. For technical reasons, the records of patients ), 4 and 6 were not 

süitable for such comparison. Thus t there was no evidence that bronchiectatic 

ragions functioned in non-homogenous fashion. It should be noted, however, 

that the series was small sni that discrepancies in regional washout are evident 

onlY When intraregional funetional differences are large. AIl of these patients 

exhibited normal s.rterial blood gases; these results would be expected ii fue 

values of Table 11 were interpreted literally. 
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Blood. nov was not evenly distributed in theee patients, but vas decraased 

in ragions wbioh were bypoventilated. i.e., in bronchieot&tic ragions. This • . 
of course, was expected sinee obliteration of the microvasoulature ha.s been 

(93) 
well documented in areas of bronchiectasis • On the other bard. f'unotional 

mechanisms may play a role in dete:rm1 n1 ng blood now distribution. Hypoven-
• • 

tilated regions had lov VA/Q an:l ware, therefore, relatively bypoxio. Sinee 

alveolar bypoxia is a known pressor agent for the pulmonary oirculation(97), 

regional byporla might shift nov awsy from bypoventilated regions. The striking 

inerease in nov to bronehiectatio ragions shawn by sequential study of patient 2 

ilxlieates that such functional factors may have been important in de'termining 

now distribution, though the nature of these factors was not demonstrated. 

It should he noted that the technique usad in these experiments examined the 

distribution of only the pulmonary arterial blood. nov, am thereby may have 

umerestimated total regional flow since bronchial artery flow to bronchiectatic 

areas may he considerable(98). 

Because of their experimenW nature, no therapeutic decisions were basad 
133 133 

on the results of these Xe studies. However, soma evaluation of Xe 

methods as a clinical tool in the management of bronchiectasis is possible. 

Patients 3 a.rrl 5 ware c1ear cut cases of left lowar lobe bronchiectasis. treated 
133 

by resection; the results of their Xe studies ward in large part irrelevant 

to their management. Patient 6, on the other b.a.Irl, had bilatera.l basal bronchi-

ectasis. Though it bas been initially decided to treat this patient medically, 

should resectional surgery be advised, it is clear that the left side should 

be attacked first. since function on this side was considerably worse than on 

the right side. Patient 8 was a.1so troatad medically. but in her case as well. 
1JJ 

the course of resectional therapy was in1icated by the Xe studies. This 
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patient had varicose bronchiectasis of the rlghi~ upper lung field, but function 

o in this area was better preserved than in the rlght lower zones, though these 

araa.s demonstrated hss abnormality on bronchography. Thus, should surgery be 

carried out. the rlght lower lobe should he exoised and the rlght upper pre-
133 

served. Thus Xe studies may be helpfal in cases with bilateral disease ard 

abnormal overall f'unction, in whom care must be taken to preserve a maJdJJ!JTl!! 

amount of functional tissue. 
133 

In summary, eight patients with bronchieC'tasis vere studied. using Xe 

and the results compared with a sem-quantitative assessment of their broncho-

grams. There WRS good agreelOOnt between the results of the two studies; 

bronchiectatic ragions showed reduced ventilation, reduced perfusion and low 
• • 
V A/Q• The reduction in ventilation temed to he sizab1e; few regions with 

mcxlerately depressed ventilation were seen. The degree of ventilatory depression 

was not related to the type of bronchiectasis observed. Soma regions with 

cy1in:irical bronchiectasis showed normal or near~ normal function, others 

demonstrated sharply reduced ventilation, si m51 ar to regions with more severe 

anatomical bronchiectasis. The presence of bronchiectasis, as cpposoo to its 

anatomical type ws the most important determinant of both regional function 

and overa.l1 function. 

Though there were distinct differences in regional function. regional . . 
VA/Q did not differ enough to indicate significant abnormality of overall gas . . 
exchanget a.n:i there wa.s no definite evidence for variations of VA/Q within 

single lung regions affected by bronchiectasis. 
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5. ASTHMA. 

Asthma ia characterized by an increase in airway resistance, presumably 

due to spasm of the bronchial smooth muscle aril/ or increased bronchial aecre­

tions(9g). If the distribution of the airways resistance were even, patients 

wi th asthma would develop abnormali ties of pulmonary gas exehange only when 

the resistance represented an overwhel·.rri.ng mechanical load, i.e., only 

when the minute ventilation beoame abnormal.ly Iow. Of course, this is not the 

case: patients with asthma frequentl,y have bypoxem1a in the absence of overall 

bypoventilation ( 99, 100), am even asymptomatic asthma.ties have been shawn to 

have abnormal ventilation distribution(101). 
133 

PrevioUB studies with Xe(102) have shown that these abnormalities may 

have a ragionsl basis. Asthmatics in remission were studied in the seated 

position. Some lung ragions were noted to exhibit delayed washin of the iso-

tope and, aince perfusion distribution appeared to be normal, it was concluded 
• • 

that the V A/Q of these regions were Iw. It was aIso noted that the extent 

of regional abnormality "'"aS correlatsd with the degree of overall airway ob­

struction as assessed by the maximum mid-expiratory flow :rate (MMFR). . . 
In an effort to document the presence of regions with low V A/Q, WB 

studied 10 asthmatics1' 8 of WOIll had been subjects of the previous study. The 

subjectr.. were 2 women an:l eight men ranging in age from 2.1 ta 51 (Table 12). 

They were selected by the Allergy Department of the Rc..1aI Victoria Hospital 

according to strict criteria. Ail patients had been observed for several years 

and gave a history of recurrent episodes of bronchospasm, not necessarlly re-

lated to respiratory infection. None lwi coug..'1 or produced sput"Unl bet\o1gen 

epis oies, a.n:l ail thought they were physica..l1y fit at the time of study. Ail 

were on desensitization programs with vaccines; 5 were taking bronchoo.ilator 
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TABLE 12 - CLHiICAL DA TA IN SUEJECTS V!ITH ASTI-ll·jA 

~ex A:,e, :Z·:Frt FE-V 
yr 

c' of ureàicted value ,'; 
c 

DA F' 36 55 93 

GA li 46 63 24 
-* :;6 AG " 22 68 l'. 

NT 
Ji 

E 36 41 ü() 

SI)i L 32 27 49 

* PT :'1 34 43 G7 

K.:/'i. li 3d t.:t.: 7~ 

-"-" ,0 

li»:!!: "'. .1. 51 5~ 64 

"", ii ""1ç 39 e= \ . .f .. )., .-' 

iii 
,.:1'. .'. 31 7 24 

S1.:cject of p:'8vious stuçiy (2). 
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o 
substances an:l 1 was taldng corticostero1.ds at the time of study. None were 

hospi talized at the tim3 of study. 
133 

Routine pulmonary function tests an:l the Xe study vere performed the 

same day. The maximal mid-expiratory fiow rate (MMFR) an:l forced expiratory 

volume (FEY) vere measured and were oompared. with predioted normal values. 

The functional residual capacity (FRC) wa.s measured vith the patient supine. 

Cardiao output wa.s measured by dye-dilution techniques saveraI times dlll""ilU1' 
133 -~ 

each Xe study. 
133 

Xe studies vere carried out ~th the patients in the supine position. 

Five counters were positionad posteriorly to each lung, ranging from apex to . . . 
base. Regional V A./Q were computed from steady si.a.te count ratas during in-

fusion a.zrl rebraathing (eq. 1II-7). Regional perfusion distribution was assessed 
133 

on the basis of bolus injections of Xe; both conventional perfusion irrlices 
• • 
(~) and steady stClte perfusion irrlices (%.) ware oomputed. Regional venti-

133 
la.tion was assassed by examining Xe washout after both infusion and rebreathing. 

The washout half-times (Tt) were measu-""ed and .. --are sta.n:iardized according to - ~ eq. III-25 yielding regional ventilation par unit volume (V). V", 50 were 

... -defined as abnozemal; V > 60 as normal ani V between 50 and 60 as borderline. 

Results of routine pulmonary function tests are presented in Ta.ble 12. The 

l1HFR was Dore depressed than the FEV, and was abnormal in a.ll patients; the 

degree of abnormality was variable, reflecting relatively mlld obstruction of 

air flow (GH) to severe obstruction (GW). 
133 

Results of the Xe studies are shown in Table 13. The recorded V 1s 

thA mean of values determined from washout after infusion and after rebreathing. 
~ ~ 

Abnormal Cv < 50) and bol'ierline (50 <. V < 60) ragions are underlined in Table 13. 

On this hasis, the patients may be separated into three groups. In 4 patients ,., 
(DA t GR, AGi ani :NT) the finiings were normal, in that V > 60 in ail ragions. 

177 



TABLE 13. RESULTS OF 
133 

Xe STUDIES IN PATIENTS WITH ASTHMA 

Patient (apex) Right Lung (base) (apex) Left Lung 
RI R2 R3 R4 R5 LI L L3 2 

DA VA/Ô. 0.70 0.73 0.74 0.75 0.75 0.70 0.72 0.75 0 

~I/Ô.i 100/82 105/87 99/81 99/81 100/82 102/82 106/86 106/87 86 
71 88 73 81 88 73 74 83 

GH YA/9 1.12 1.01 1.09 1.10 1.16 1.08 1.09 1.08 0 
QI/Qi 75/65 105/81 97/82 99/85 108/93 102/87 108/92 92/78 107 
'if 82 87 72 94 127 100 112 95 

NT ~A/~ 0.69 0.69 0.68 0.59 0.67 0.69 0.61 0.65 0 

~I/Qi 73/59 95/77 106/86 112/87 115/93 77/63 108/85 117/94 114 
70 76 73 65 74 68 74 74 

AG VA/~ 0.47 0.52 0 0 44 0.52 0.53 0 0 50 0.49 0.52 0 

2I/6.i 110/81 106/81 108/18 122/93 114/87 108/81 106/80 88/67 96 
V 83 95 63 91 70 75 70 74 

SW VA/Ô. 0.70 0.76 0 0 74 0.65 0.74 0.68 0.74 0.74 0 

~I/Qi 125/101 109/90 126/103 96/77 103/84 89/72 118/97 108/89 77 
V 82 71 73 58 75 70 76 79 

PT VA/~ 0.45 0.61 0 0 68 0 0 71 0.67 0.50 0.50 0.58 0 
~I/Qi 71/52 83/66 98/79 90/73 49/39 70/55 82/62 93/73 115 
V 33 71 67 60 25 38 46 81 

KS VA/~ 1.29 1.15 1.13 1.09 0.91 1.07 1.05 1.11 1 

,9.I/Qi 78/77 91/80 97/84 64/56 56/48 81/76 93/81 100/87 88 
V 107 III 105 64 38 76 104 117 1 

MR ~A/9 0.62 0.70 0.65 0.63 0.54 0 •. 60 0.68 0.54 0 
.sI/Qi 102/81 98/80 110/88 107/35 86/66 109/86 119/96 122/97 li? 
V 50 63 69 52 29 62 81 57 3 

l·lA (;A/Q 0.66 0.64 0.65 0.63 0.54 0.52 0.60 0.82 0 
<h/Qi n.s.+ n.s. n.s. n.s. n.s. n.s. n.s. n.s. n 
v* 40 39 50 38 37 34 39 61 

Gi-.1 VA/Q 0.67 0.65 0.66 0.66 0.68 0.72 0.68 0.73 0 
..9I/6.i 72/58 66/53 70/56 67/54 59/48 73/60 62/50 64/53 69 
V 39 30 35 --z9" 3"5 S"9 34 52 

* Values represent washout after infusion oC11y 
+n.s., not studied 

Results from regions which had abnor~ally 1m,,- or borderline values of ~ are underlined 



TABLE 13. RESULTS OF 
133 

Xe STUDIES IN PATIENTS WITH ASTHMA 

(apex) Right Lung (base) (apex) Left Lung (base) 

RI R2 R3 R4 R5 LI L L3 L4 L5 
2 

0.70 0.73 0.74 0.75 0.75 0.70 0.72 0.75 0.83 0.74 
0/82 105/87 99/81 99/81 100/82 102/82 106/86 106/87 86/72 104/86 

71 88 73 81 88 73 74 83 62 67 

1.12 1.01 1.09 1.10 1.16 1.08 1.09 1.08 0.99 1.10 
5/65 105/81 97/82 99/85 108/93 102/87 108/92 92/78 107/91 113/97 

82 87 72 94 127 100 112 95 75 104 

0.69 0.69 0.68 0.59 0.67 0.69 0.61 0.65 0.61 0.59 
3/59 95/77 106/86 112/87 115/93 77/63 108/85 117/94 114/90 117/91 

70 76 73 65 74 68 74 74 60 63 

0.47 0.52 0 0 44 0.52 0.53 0 0 50 0.49 0.52 0.53 0.62 
0/81 106/81 108/18 122/93 114/87 108/81 106/80 88/67 96/74 86/68 

83 95 63 91 70 75 70 74 61 76 

0.70 0.76 0 0 74 0.65 0.74 0.68 0.74 0.74 0.60 0.63 
5/101 109/90 126/103 96/77 103/84 89/72 118/97 108/89 77 /60 93/74 

82 71 73 58 75 70 76 79 35 42 

0.45 0.61 0 0 68 0 0 71 0.67 0.50 0.50 0.58 0.59 0.50 
1/52 83/66 98/79 90/73 49/39 70/55 82/62 93/73 115/88 66/50 

33 71 67 60 25 38 46 81 61 31 

1.29 1.15 1.13 1.09 0.91 1.07 1.05 1.11 1.17 1.12 
8/77 91/80 97/84 64/56 56/48 81/76 93/81 100/87 88/78 74/64 
107 III 105 64 38 76 104 117 110 97 

0.62 0.70 0.65 0.63 0.54 0 •. 60 0.68 0.54 0.52 00:46 
2/81 98/80 110/88 107/35 86/66 109/86 119/96 122/97 127/103 101/74 
50 63 69 52 29 62 81 57 36 25 

0.66 0.64 0.65 0.63 0.54 0.52 0.60 0.82 0.78 0.65 
n.s.+ n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
40 39 50 38 37 34 39 61 51 47 

0.67 0.65 0.66 0.66 0.68 0.72 0.68 0.73 0.65 0.57 
2/58 66/53 70/56 67/54 59/48 73/60 62/50 64/53 69/55 66/51 

39 30 35 29 35 59 34 52 --yJ 26 

washout after infusion oC11y 
d 

D5 which had abnor~a11y 1m,,- or border1ine values of ~ are underlined 
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133 
Four patients (SW, PT, KS. am MR) had soma regions vith normal Xe washout 

~ 

and some with borderllne or abnormal V values; the n1.Ul1ber of regions aff'ected 
.... 

varied fram 1 (KS) to 6 (MR). F1nalJ..y, in 2 patients (WA and GW). V was low 

in ail or almost ail regions. although the degree of abnorma.1.i.ty varied. . . ~ 

Regional V A/Q correlated with regional V: depression of one measurement W8B 

associated vith depression of the other. Examples of each of the three groups -are shown in Fig. 40. Patient DA was entirely normal; regiona.1 V "60, an:l 
•• • 

regional VA/Q an:l ~ vere similar in aU ragions. Patient SW showed sharp 
N _ 

reduction of V at the 1eft base an:i borderline V in one region near the left 
• • • 

base. Regional V A/Q vere low in these regions an:l ~ in these ragions a.lso 

temed to be lov. Pa.tient GW did not demonstrate a.ny normal lung regions; 

~ #fi 
everywhere V < 60. However. V did vary from region to region and. in general, 

• • 
correlated with regional V A/Q. 

Considering the series as a wole. soma regions were involved more fre-

quently than others. As shawn in Fig. 41 p the lung bases were most commonly 

affected and the middle zones leest comonly. an:! definitely abnormal values 
#III 

(V < 50) wera recorded significantly less often Œ." 0.05) by counter 3 than 

by any other(103). 
",., ,., 

Regional V wera .... V'eraged to determine mean V in ea.ch pa.tient., giving an 
133 

index of overall venti~tor,y abnorillality as assessed by Xe. There was 
.,." 

significant correlation <.!: = 0.71. p 4; 0.05) between 11HFR an:! I1l9an V (Fig .42). 

The distribution of perfusion lias not uniform and 'W'aS related to the 

distribution of ventilation. If perîusion distribution 'W'9re dependant upon 

ventilation distribution. shifts in perfusion from area to area would be deter-

mined by the relative degraes of ventilation of the are aS involved. Thus. 
,., 

in patient SW (Fig. 40 .) the borderline V in region Bq. reflected one of his 

most severaly un::lerventilated ragions t which might then he un:1erperfused; by 
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........ -

V/v al VA/a VA/ Q QI V/V 

77 100 ·70 ·70 102 73 

88 105 ·73 ·72 105 74 

73 99 ·74 ·75 106 83 

81 99 ·75 ·83 86 62 
88 100 ·75 ·74 104 67 

v/v QI VA/ Q VA/Q QI V/v 

82 125 ·70 ·68 89 70 

71 109 ·76 ·74 118 76 

73 126 ·73 ·74 108 79 

58 96 ·65 ·60 77 35 
75 103 ·74 ·63 93 42 

v/v 01 VA/a VA/a 01 V/V 

39 72 ·67 ·72 73 59 
30 66 ·65 ,,63 62 34 
35 70 ·66 ·73 64 52 
29 67 ·66 ·65 69 37 
35 59 ·68 ·57 66 26 

Fig. 40. Results of 155Xe studies in tr~ee ast~tics. Regional V~Q, 
QI and vr:ntilation per unit volUCle (V/V ~ V) are sho ... m ~ext to the counter 

fields ",ihere they liere rr.easured. Regions i'/'hich were normally ventilated 

are representeà by open c ircles, regions ·\·rith abnor':.18.l ventilation are 

indicated by filled (blac~) circles, and regions '\iith borderl ine venti-

lat ion are representeci by sr~àed circles. See text for discussion • 
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NUMBER OF ABNORMAL REGIONS 

Fig. 41. Region~l incidence of ventilation ~pairment. Ascissa shows 

number of regions lihich l'lere abnor!DB.l (stippled) or borderline (hatched). 

Ordinate shOt[s lung regiona froID apex ta base, desigro.ted as cOlmter 

fields. Data fro:n risht alld left lU!l[;8 \'[ere combined in thie figure. 
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Fig. 42. Correlation of over-all ventilation impairment as assesseà by 

l.5.5Xe with maximum mid-cxpiratory flow rate (!'iHFR). Over-all irnpairn:ent 

as measureà ,-rith l.5.5Xe l'las obtained by averagL't1g all regional values 

of V in each patient (ordiru..te). Figures for !·i1,a<'R are percentages of: 

preàicted normal values. 
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.., 
contrast, a similar borderline value V in patient GW (Fig. 40") represeDted 

o this patient's best-ventilated raglon, which might tben be overperfused. To 

talœ account of this , relative regional ventilation was computed in each patient 

( 

,., '" 
b,y comparing iDiividual regiona.l V with the mean V of well-ventilated regions .., 
(V >60). Sim1lar~, relative regional perfusion was caloulated in eaoh patient 

• • 
b,y relating reglonal ~ to the mean Qi: of normally ventilated regions. In the 

~ ,., 
case of GW in whom no region exhibited V > 60, region L3 (V = 59) was used as 

the staJXiard for oomputation of relative regional ventilation am relative 

ragional perfusion. Use of relative regional ventilation an:l relative regional 

perfusion allows inclusion of aU patients studied in a single oomparison of 

ventilation distribution with perfusion distribution. The resulting plot is 
"." 

shawn in Fig. 43 ~ = 0.43 and P< 0.01): when regional V was cC 70% of normal, 

regional perfusion also was decreased. Relative perfusion per unit volmne 
,.., 

appeared to be in:lepeooent of V when the latter axceeded 7fY/; of normal. 
133 

Comparison of the results obtained during Xe studies with these ob-

tained five yea:cs previousJ.y(102) sho-wed changes in most cases, generally with 

parallel change in the r~1FR. (Although three counters w~re used in the first 

study aOO five in the secon:l, the total area covered was the srune.) During 

the present study, abnormal ventilation 1-1&S fourrl in a smaller area of the 

lungs in three patients (SW, KS, a.rrl AG) aM in a greater area in four (PT, 

GW, WA, and MR); only one (NT) show~ no abnormality on either occasion. 

Fig. 44 shows comparisons of fin::lings in three patients. The greatest degree 

of improvement occurred in AG (Fig. 44 ), aOO deterioration wa..s most marked 

in WA (Fig. 44). Fina~, Pl' (Fig. 44 ) had clearing of one region while 

others became involved: this was the only clear-cut example of this phenomenon. 
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Q/V (Rel.) • • 
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40
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Fig. 45. Correlation of relative regional blood flOrf per unit volume 

(Q/V, ordinate) idth relative regional ventilation per unit volume 

(v, abscissa). Data frœn aIl lung regions of nine patients are shown. 

(.!::. 0.45, ,!:<'O.Ol). 
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1961 1966 

"G. 

MMFR 29 56 

WA. 

MMFR 59 39 

ft{ MFR 56 43 

m~nses in regional àistribution o~ abnormality of pul~onary 

fw...ction. ?\esions III ·â11icn function ;13.5 2..bnorme..l are hatched. Figtl.res 

for 1,:,:FR are perccntages of predicted nor-'"'..2.l values. 
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o 
These patients present a spectrum. Four wera normalw four showed both 

l'ti •• 

normal regions aM regiOfi.:5 with depressed V an:l VA/Q, and two patients demon­,., 
strated abnormal V in virtu.a.lly aU lung ragions. Of these. the patients who 

had both normal aM abnormal ragions are of the most immedia.te interest. Theae .. ,., 
patients showed olear-out ragione.l differences in V A/Q e.n::l V. aM therefora 

must have had abnormalities of overall gas exohange. To assess this, 1'9ason-

able asslIDlP'tions vere made rags.rding the oomposition of mixed venous blood., 
• • 

am., using the V A/Q of Table 13 plus the Oz - COZ e.n::l COZ - NZ diagrams. ragional 

gas tensions were oomputed. Then, assuming that eaoh lung region was equal 

in volume. that no lung tissue existed outside the ragions examined. an:i that 
• 

regione.l perfusion per unit volume wa.s distributed aooording to regional ~, 

the oontribution of eaoh ragion to mixed alveola.r gas a.n::i arlerial blocxl was 

oomputed. The resul"tI,of course, were values for the overall arteris.l-s.lveolar 

difforences wch would have been present had the figures of Table 13 aocurately 

represented ail gas exohange. The results in:iioated trivial embarrassment of 

overall gas exchange - DN
2 

= 1-2 mmHg and D92 = 2-3 mmHg. 

Comparison of the a.bove values with DO an:l l1.T measured in compa.rable 
2 -l'2 

patients would be of interest. If the measured values exceeded those pre-

133 • • 
dicted. on the basis of Xe studies, then regional vAl Q measurements r.mst 

• • 
have un:ierestimated vA/Q differences whioh, in fact, existed. The most ob-

vious reason for such a discrepancy would be regional inhomogeneity, i.e., 
• • 

variation of vAl Q wi thin single lung regions j in the presence of such in-

homogeneity, the value of regional measurement is reduced. 

Measurement of DOZ and Dr~2 are usually carried out in patients with 

greater abnormality of pulmonary function than that shO'WIl by SW, PT, KS an:i 

MR Hn..ft>ver -r 1" __ (1~) 
• "'"'"' ~ \80 8oO.'"lJl e~(!lr-inerl JO -i J. - t .. , 1· • - ~ . ..;. - - ~{l pavlen s ,·n:tn. s 19ht è,epression of 

2 

('" tl:e F31& • ... "ith essentia11y r.or.a1 results, agreeins ,d th our preciictior.s. 
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Also, ~2 may be oaloulated fram data reported by Ledbetter, Bruck and Farhi (41) 

o who used an N2 washout teohnique in stu:iying ohildren with asthma. The 11J
2 

were 2-4 mmHg in the children with the least severe airway obstruction. If 

C') 
." 

a 11J of 1-2 mmHg is allowed for normal non-regional VA/Q inhamogeneities(J2) , 
2 

then it may be said that these results agree with our predictions. Thus, it 

may be that in our patients showing an admixture of normal and abnormal regions, 
133 

the Xe results were aoourate representations of gas exchange. 

If, as suggested by the above, intraregional inhomogeneities of function 

'W9re not important in these patients, w""9 would expect that ventilation par 

unit volume computed after infusion (vp) would he s:bdlar to that computed 
#II 

after rebrea.thing (Vi). As show in Fig. 45, this ws 1n:ieed the case. It 

must be remembered, however, that this evidence for intraregional homogeneity 
#II ,.., 

of function is limited. Discrapancies between Vp and Vi are seen only in 

the presence of certain kinds of inhomogeneities of bath VA/Q and ventilation. 

Further, as noted previously, assessment of regional ventilation by regional 

Tt is a. ralati vely crude procedure. Bad more rigorous a.naJssis of "wël.Shout 

curves been possible, evidence for intraregional inhomogeneity of function 

might have emergod. On the other han:i, the importance of inhomogeneities de-

tected this way would probably be less than thcse iniicated by differences 
l'lili ,.." 

betn~en Vp and Vi. 
4IttI 

HOiieVer, some absolutoly quantitative interpretation of regional V must 

be attempted in two cases (WA a.rrl GW). These patients had grossly decrease:1 

N 
V in virtua.lJ.y 2011 lung ragions. If the regional washouts had reflected the 

state of all of the lung units, the only possible explanation for the gross 

prolongation of aIl of the regional washcuts wculd haVB been that ttese 

187 



40 

20 

/ , 

Q'p 

• 
• 

, . ., , . , 
• • . ., .. '. . . , .. "'. . . / , . 

• • v· 
:. l'. • 

• • ~i::. • 
1 

.:;1' , 

• • x x •• , • • 
x .". •• 

X ,/ ~ 
X // X 

• Normal 

.' , 

~xx x 

:~~x\ x Abnormal and 
borderline ,x 

/ X , 
/ 

a 20 40 60 80 100 120 140 

Fig. 45. Oomparlson of regloml washout of 1ntuse~ l"xe (Vp ) and i1'l­

apired l;;Xe (Vl). Dashed 1ine la the lins of ldentlty. Figurès for 

-V 1 vere not obtained for WA, BO the nl.l!lber of abnor:mal. reglons 18 1esB 

than in Flg. 41. 
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patients ei ther were not ventilatillg adeauately or had erlraordinarily large 

FRC. Sinoe neither was the case, regional vashOlIts did not refiect the. state 

of aU lung units. Therefore, relatively vell-ventilated units, although net 

detected in these sttrlies, must have ex1sted; preaumably suoh units had high 
• • 
VA/Q. Since these well-ventilated units had no regional representation, am 
since Tt after rebreathing am after infusion were similar in GW. it is likely 

that these uni ts were relati valy evenly distributed throughout the lUDgs am 

amounted to a aman volume. There oan be no question tbat important degrees 

of intraregiona.1 inhomogeneity of function existed in these two patients. who 

vere the most severely affected in the series. 

Regions ldth decres.sed ventilation vere ur.rlerperfused (Fig. 43). The 

normal blood-now distribution fou:rxl in pa.tients with asthma. in a previous 

study(l02) probably ms due to their upright posture; sinee blood-flow dis­

tribution in the erect normal subject is uneven(56). abnormalitias are diffi­

cult to detect. Since it is lilœly that the lung parencbyma was morphologice.1ly 

normal in these patients, regional deereases in now probably were functional 

in origin. This hypothesis i6 supported by the findings of 1foolcock, V..cRae. 

Morns e.rrl Raad (105). who showed that abnormalities of blood-nm.r distribution 

may oceur temporarily during exacerbations of asthma. Hypoventilated regions 
• • 

have low VA/Q arrl, therefore, have relatively low P ~; and since alveolar 

hyporla is a knovm pressor agent for the pulmonary circulation (97). rogional 

hypo::dc vru:;oconstriction may diverl flow from bypoventilated regions. This 

hypothesis does not necessarily explain the severe degree of urrlerperfusion 
• • 

of the right lung base in patient KS; though the vAl Q was lower in the hypo-
• • 

ventilated ragian than elsewhere in the lung, the overall VA/Q was high, an:i 
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the hypoventilated, underperfused region ma.y have had a PO
Z 

of about 100 mmHg. 

This value i5 considerably higher than that which bas been shawn to influence 

hemodynamics(97). 

The positive correlation between MMFR an1 the overall vantilatory im-

pairment is of interest. The cretical.ly , there is no need for such a correla-

tion, regional washouts being more analogous to tests involving 1nert-gas 

washout or washin. It is apparent that bath tests, though dissindlar, are 

sensitive to the regional am ovarall increases in airway resistance that pre-

sumably constitute the major physiologie pulmonary abnormallty in asthma. The 

N . 

correlation between mean V and MMFR (Fig. 42) would be greater if NT and SW 

vere excluded: these patients had lower MMFR values than might be expected 

N 

on the basis of their mean V. These patients aIso had unusually slow, regular 

breathing patterns, with a frequency of 3!min. in SW and 5-6!min. in NT. Such 
133 

low respiratory frequencies could result in normal values by Xe testing, 

by minimizing ineqUt.Ù.ities in ventilation distribution that 'W"'6l'e due to in­

equa.lities in regional ti.me constants (regional resistance X regional com-

pliance). 

The four subjects who showed no abnoI'lTl8.lity of regionsl lung fur..ction 

had reduced l-ll1FR and, therefore, some degree of airway obstruction. This 

could mean that the obstruction .. as of similar, mild degree throughout the 

lungs. Since our Il'..ethods are more sensitive to interregional differences in 

function than to deviations from lIabsolute normal," evenly distributed minor 

abnormalities of function could go undetected. 

If the present small series may be taken as a re pres entati va cross-

section of patients with asthma, a sequence is suggested. A relatively mild 
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degree of obstruction (MMFR > 5~ predioted) terris to he distributed eve~ 

o throughout the lungs. Progression of the corrlition appears to he uneven, re­

sulting in greater degrees of obstruction in some regions than in ethers am 

greater decreases in function in the ragions Most affected. Fig. 41 in:licates 

that there may be a regiona.l sequence of involvement, function deteriorating 

MOst often, and perhaps earliest, at the lung bases, and then at the apices, 

with a tendency for the middle zones to be spared; however, the findings shawn 

in Fig. 41+ suggest that a sequence may change with t1me. As implied above, 

severe airway obstruction involves all lung zones, though to different degrees 

in different regions. Although the reasons for these filxiings are nct apparent, 

the findings themselves may be important to a consideration of the pathogenesis 

of asthma.. 

In summary, the reg10nal distribution of ptÙlllonary ventilation and per­

fusion, and regional alveolar ventilation/perfusion ratios, were mea.aured in 

10 patients with asthma. in remission. Four subjects had nonr.a1 ventilation 

distribution, 4 had bypoventilation in some ragions and nonnal ventilation in 

others. and 2 patients had abnormal ventilation in almost all lung reg:ons. 

The lung bases "rere involved Most frequently and the trl..ddle zones least fre­

quently. Correlation was good between the degree of over-all vantilatory im-
133 

pairment calculated from xenon values and measurement of the ma.rlma1. mid-

expiratory flow rate the sarne dey. In the 8 subjects .mo had been studied 

similarly 5 years previously, changes in regional function correlated in 

general ,,"ith changes in over-all function. 
• • 

Regions ddch were hypoventilated had low VA/Q and also tended to be 

hypoperfused. There was evidence of intra.regional inhomogeneity of funetion 

in the two Most severely affected patients. Eow-ever, this ws not true of 
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other subjects; no systematio difterences between Vp and Vi were seen and 

o pred1cted values for DÛZ am ~2' though small, vere similar to th08e derived 

from the l1teratUl"e. 

192 



6. BRONCHITIS 

Chronio bronohitis bas been defined as the ocourrence of oough aM. ex­

peotoration "on most days tor at least three months in the year during at 

l~ast two years" (106) • Such broad oriteria may apply equally to both an 

othervise asymptomatio cigarette-smoker and & patient in norid respiratory 

failure, &rd it follows that extreme variations in pulmonary funotion am 
morbid anatomy must exist wi thin suoh a defini. tion. Furthermore. chronio 

broncbitis ia known to be oommonly assO<nated with varlous degrees of pul­

monary emphysema. a 1esion Wieh in itself causes respiratory dysfunction. 

Many studies of the physiology ot "chronio bronohitis" have been concemed 

wi th severely disabled. patients in whom the probabili ty of eo-existent wide-

spread emphysema. vas high. Consequently, the mea.n1ng of a clinical diagnosis 

of chrome bronohitis in a patient with little or no disability is not clear. 

Relati valy minor abnormsJi ties of the usual tests of pulmonary function are 

commonly found in sucb patients and their significance is not well understood. 

\ve studied 10 patients with chronic broncbitis in whom the probability 

of 'i.n.despread pulmonary emphysema wa.s believed to be low. The subjects were 

drawn from a larger group of selected, li911-stuiied patients wlth bronchitis 

who were participants in a prospective study by the Canadian Depart..ment of 

(107, 108) 
Veterans! Affairs of the natura! history of chronic bronchitis • 

The subjects for this study 'W-ere selected on the basis of results of 

pulmonary function tests ccnducted during the previous five years. Detailed 

information wa.s ava.i1able concerning the patients f histories in regard to 

occupation, smoking ~ clinical symptoms, daily sputum volume, and the appearance 

of plain films of the chast (Table 14); these particulars were known not to 
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TABLE 14. PARTICULARS OF BRONCHITICS STUDIED. THE SUBJECTS ARE LISTED IN ORDER OF SEV!RITY OF 

DISEASE EFFECT AS JUDGED BY ROUTINE FUNCTION TESTS 

:! Occupation Age at Cigarettes Age at Daily Heila.p~ysis Dyspnea* Past history Chest roentgenogram which per week which sputum ôf pneumonia smoking cough vol (ml) or pleurisy began began 

Orderly 110 26 1 o ~ "i- 0 Lung fields overinflated; 
abnormal vasculature 

Clerk 15 105 24 2 + ++ + Increased lung markings 

Bartender 18 140 34 2 0 + 0 Lung fields overinflated; 
increased lung markings 

Inspector 18 140 21 2 0 + + Lung fields overinflatedj 
bronchial walls visible 

, Machinist 14 35 31 4 + ++ + Lung fields overinflated (metal) 

Salesman 116 130 26 2 + + + Lung fields overinflatedj 
increased markings 
sma1l bullae Launderer 17 140 21 3 + + 0 Lung fields overinflated 

Machine 20 175 34 3 + + + Lung fields overinflated tester 

Cook 28 10 34 Varies 0 0 0 Bronchial walls visible 

Orderly 12 70 30 2 0 + 0 Lung fields overinflated 
small bullae 

'nly occasiona1ly 
If dyspnea, has to wa~~ slower than his peers on the level 
of dyspnea, has to stop for breath when walking at his own pace on the ~6fel 



TABLE 14. PARTICULARS OF BRONCHITICS STUDIED. THE SUBJECTS ARE LISTED IN ORDER OF SEVERITY OF 

DISEASE EFFECT AS JUDGED BY ROUTINE FUNCTION TESTS 

Patient Age Occupation Age at Cigarettes Age at Daily Heila.p~ysis Dyspnea* Past history Chest roentgenc which per week which sputum of pneumonia smoking cough vol (ml) or pleurisy began began • 
1 45 Orderly 110 26 1 o ~ ..- 0 Lung fields ove 

abnormal vas 
2 48 Clerk 15 105 24 2 + ++ + Increased lung 

3 49 Bartender 18 140 34 2 0 + 0 Lung fields ove 
increased lung 

4 46 Inspector 18 140 21 2 0 + + Lung fields ove 
bronchial wa11s 

, 5 53 Machinist 14 35 31 4 + ++ + Lung fields ove] (metal) 

6 48 Salesman 116 130 26 2 + + + Lung fields ove] 
increased markir 
sma11 bullae 7 44 Launderer 17 140 21 3 + + 0 Lung fields ove! 

8 58 Machine 20 175 34 3 + + + Lung fields ovez tester 

9 56 Cook 28 10 34 Varies 0 0 0 Bronchial walls 

10 54 Orderly 12 70 30 2 0 + 0 Lung fields over 
small bullae 

* o Dyspnes only occasionally 
+ Because of dyspnea, has to wa~~ slower than his peers on the level ++ Because of dyspnea, has to stop for breath when walking at his own pace on the ~efel 



have changed sign1f1oantly during the five-year observation period(l08). 

The patients 1 ages ranged from 44 to 58 years. none vas employed in a parti­

cularly dusty job. ID had smoked cigarettes for at least 20 years. although 

two (no. 5 and 9) could 'he termed l1ght smokers. ID patients gave a history 

of chronic productive cough of at least 15 years' duration and rive had ex­

perienced hemoptysis. Five patients ha.d past histories suggestive of pneumonia 

or pleurisy. All 10 subjects had experienced dyspnea. am ldth one exception 

(no. 9) stated that because of this SymptOlll they had to wa1k more slowly on 

the level than their peers. In addition two patients stated that at times 

they had to stop for breath uhen waJ..k:ing at their own pace on the level. The 

chest roentgenogram was interpreted as showing overinflation in 8 of the 10 

patients, ut th soma increased in lung markings in 5. Small bullae were bel1eved 

to be visible in two patients. It ms the opinion of an iMependent radiolo-

gist that no patient demonstrated x-ray evidence for widespread pulmonary 

enrphysema.. 

During the fi ve-yes:r period the sub jects hsd undergone serial pulmonary 

function tests (107); only one had been tested less than 10 timS5 and the roeat: 

for the group 'WaS 13. Lung volumes were measured by spirometry and helium 

dilution and included total lung capacity (TLC), vital capacity (VC), functional 

residual capaci ty (FRC), and residu.o...l volume (RV). Two measurements of ex­

piratory flaw were made, the Inaximal Idd-expiratory flow rats (MMFR) and. 

ths forcsd expirsd volume dur:ine the first 0.75 sec. of expiration (FEVO•
7S

). 

The hslium mixing index (m:i.x:L"'lg efficiency, NE), fractional uptake of CO, and 

steady-state Co-diffusing capa city aIso were measured. en the clay of the 

133 
Xe stl.1d; flow rates were measured am lung volumes am NE (%) were determinsd 
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133 
vith the patients sup1ne. On another occasion, vithin one year of the Xe 

o study, fractional CO uptake an:l diffusing capacity vere measured and the lung 

volumes were determined with the patient in the conventional position (sitting). 
133 

c 

Cardiac output was measured several times during the Xe study using 

ilXtlcator dilution technique (70); Coomassie blue was the 1D:licator and it vas 

measurecl with an eu orlmeter(68, 69). 
133 

The Xe techniques arxl calculations vere identical to those employed 

in the study of asthmatics. The patients were studied in the supine position 

with 5 col.U'lters positioned posterior to each lung. Each patient underwent a 
iD iD 

10 minute intravenous infusion of Xe t a 10 minute period of Xe rebreathing 
133 • • 

aDi 2-4 bolus injections of Xe. Regional VA/Q were calculatl3Cl uslng count . . 
rates frœn rebreathing and infusion (eq. IIT-7). Reg1.ons.l ~ and ~ were 

computed from count rates measured after bolus injectioii comb1ned with thOS6 

measured during rebreathing. Regional ventilation rias assessed by measuring 

IV "" regional Ti-; these were converted. to regional V. V ware measured tnce in 

'" each ragion, once during washout after infusion (Vp ) and once during washout 
lttI IV AI 

e.fter rebreathing (Vi)'" Regional V,. 60 were defined as normal, V .( 50 were 
AI 

designated. abnormal an:l V between 50 arrl 60 were designated boroerline. 

Table 15 shoviS the results of pulmonary fur,cticn tests cOlltemporary with 
133 

the Xe studies. Subjective evaluation of these tests Kas li:acle 1::y an iroe-
133 

pendent observer befora the results of the Xe studies vere available. The 

pa.tients were numbered according to this assessment; patient no. 1 was thought 

to demonstra.te the least abnor.roa1ity of function arA no. 10 the greatest. 

Values for diffusing capacity are not show~ since the significance of this test 

is similar to tha.t of CO extraction ratio and, in these patients, the lstter 

was reore reproducible. 
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TABLE 15. PULMONARY FUNCTION TESTS IN PATIENTS WITH BRONCHITIS 

(Predicted normal values are shown in parentheses) 

Patient Vital Residual Total Lung Maximal Forced Mixing CO Extraction 
Capacity Volume Capacity Midexpiratory Expiratory Efficiency * Ratio 

(L) (L) (L) Flow Rate Volume, 0.75sec (%) 
(L/sec) (L) 

1 2.99 2.33 50 32 4.50 2.84 n.s. .476 
(3.71) (1.64) (5.46) (3.57) (2.70) (.465) 

2 2.99 1.80 4.79 3.75 2.35 84 .480 
(3.58) (1.56) (5.24) (3.56) (2.80) (63) (.472) 

3 2.89 1.98- 4.88 1.78 1.45 82 .466 
(3.52) (1.59) (5.21) (3.48) (2.75) (62) (.465) 

4 3.18 2.33 5.51 3.05 2.50 81 .460 
(4.25) (1.81) (6.20) (3.81) (2.84) (64) (.462) 

5 3.09 2.91 6.00 2.87 2.65 61 .549 
(4.23) (1.98) (6.34) (3.61) (3.13) (61) (.438) 

6 3.12 3.47 6.15 2.50 2.62 46 .408 
(4.16) (1.86) (6.92) (3.68) (2.72) (65) (.452) 

7 2.86 2.72 5.58 1.80 1.85 71 .438 
(3.81) (1.59) (5.51) (3.69) (2.97) (65) (.475) 

8 2.90 4.17 6.70 0.95 1.38 60 .334 
(4.36) (2.21) (7.07) (3.47) (2.50) (57) (.412) 

9 2.63 1.77 4.39 2.10 1.72 71 .539 
(3.43) (1.79) ~5.33) (3.20) (2.47) (58) (.434) 

10 1.31 3.06 4.37 0.75 0.72 57 .388 
(3.53) (1.74) (5.37) (3.32) (2.38) (59) (.444) 

* patients supine 



1 2.99 2.33 50 32 4.50 2.84 n.s. .476 
(3.71) (1.64) (5.46) (3.57) (2.70) (.465) 

2 2.99 1.80 4.79 30 75 2.35 84 .480 
(3.58) (1.56) (5.24) (3.56) (2.80) (63) (.472) 

3 2.89 1.98- 4.88 1.78 1.45 82 .466 
(3.52) (1.59) (5.21) (3.48) (2.75) (62) (.465) 

4 3.18 2.33 5.51 3.05 2.50 81 .460 
(4.25) (1.81) (6.20) (3.81) (2.84) (64) (.462) 

5 3.09 2.91 6.00 2.87 2.65 61 .549 
(4.23) (1.98) (6.34) (3.61) (3.13) (61) (.438) 

6 3.12 3.47 6.15 2.50 2.62 46 .408 
(4.16) (1.86) (6.92) (3.68) (2.72) (65) (.452) 

7 2.86 2.72 5.58 1.80 1.85 71 .438 
(3.81) (1.59) (5.51) (3.69) (2.97) (65) (.475) 

8 2.90 4.17 60 70 0.95 1.38 60 .334 
(4.36) (2.21) (7.07) (3.47) (2.50) (57) (.412) 

9 2.63 1.77 4.39 2.10 1.72 71 .539 
(3.43) (1.79) ~5.33) (3.20) (2.47) (58) (.434) 

10 1.31 3.06 4.37 0.75 0.72 57 .388 
(3.53) (1.74) (5.37) (3.32) (2.38) (59) (.444) 

* patients supine 

n.s. not studied 
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The results were 81milar in ail of the subjects. VC wa.s reduced to 

about 75% of normal and the rat.io of RV to TLC iDiicated the presence of slight 

to moderate byperinflation. Mixing effioienay and CO extraction were virtuall,y 

normal in ail cases. Expirator,y flow rates varied from normal or slightlY 

deprassed to markedly abnormal (patients no. 7. 8. 10). 

In general, it will be noted that the results of these function tests 

are similar an:i not grosslY abnorms.li in1eed, the results obtained in patient 

no. 2 are within normal l1m1ts. An exception was patient no. 10 who had very 

abnormal lung volumes an:l sharply decreased fiow rates. 
133 

Table 16 contains the results of the Xe studies and Fig. 46 shows 
.., IV 

rasu1.ts in three patients. Both Vp am. Vi are presented becauae in Jna.l\V cases 
#III 

they differed. In most patients. regional Vp correlated better with ragional . . "" 
V A/Q than did ragional Vi; becc.use of this ragions were designated nol"!!:d.l, 

#fi 
boroerline, or abnormal, according to Vp• Abnormal ragions of variable extent 

were detected in ever,y patient. 0nJ.y one raglon with markedly decreased ven-

tilation was datected L"l pa.tient no" 9. !'1ild; nvolvement of two regions was 

apparent in patient no. 4 (Fig. 46). T'ne most severelY affected was patient 
AI 

no. 6 (Fig. 46) in whom only one ragion (laft apex) demonstrated Vp )0 60 e.r:d 

in whom vent~Uation was severely comproI!1ls~. at both bases. It i5 of considerable 

interest that in spite of the strildng differences in regional flIDction evi-

dent won patients no. 4 and no. 6 were compared (Fig. 46), very little dif-

ference ",as apparent w-nen results of routine pulmonary function tests were 

compared (Table 15). In contrast, patient no. 10, whose routine function tests 

mediate between patients no. 4 and no. 6 (f.~g. 46). 
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1 VA/o. 0.68 0.54 0.56 . 0.61 0.60 0.68 0.03 U.b! 

QI/Qi 169/138 188/157 184/142 179/141 101/89 197/160 228/192 216/168 1 - 122 54 ~ 85 23 99 107 87 
~ 99 51 47 72 36 70 102 64 

l 

2 VA/Q 0.60 0.60 0.50 0.57 0.45 0.62 0.66 0.64 

SI/Qi 101/80 129/102 124/93 134/104 98/72 114/90 110/88 125/100 

~ 
60 75 36 65 26 90 90 69 
60 75 33 65 30 60 65 56 

3 VA/Q 0.69 0.79 0.73 0.65 0.55 0.73 0.77 0.55 
QI/Qi 87/70 93/76 105/84 84/66 69/45 70/56 91/74 93/70 

~ 65 65 65 45 31 65 65 33 
65 59 72 46 37 62 65 62 

4 YA/9 0.79 0.77 0.57 0.59 0.66 0.79 0.83 0.82 
QI/Qi 101/84 93/77 87/67 93/73 90/71 92/76 97/81 85/73 

lp 88 85 50 58 62 75 75 73 
Vi 78 86 58 64 78 86 76 72 

5 VA/Q 0.75 0.69 0.70 0.66 0.75 0.72 0.67 0.51 
QI/Qi 119/98 126/102 110/89 108/88 109/85 101/83 128/102 110/82 1 -!p 106 98 98 106 80 101 98 84 

Vi 98 98 98 106 98 81 87 94 

6 VA/Q 0.63 0.47 0.37 0.41 0.51 0.63 0.52 0.50 

~I/Qi 121/96 98/74 52/35 92/65 84/63 120/96 113/86 113/34 
53 23 8 12 12 62 32 ?.7 

~p 

59 22 11 35 32 64 37 22 Vi 

7 YA/9 0.39 0.44 0.45 0.40 0.45 0.27 0.33 0.41 
QI/Qi 85/60 101/63 102/71 120/85 80/58 101/62 87/58 109/78 1 
~ 45 -56 61 58 24 n.s. 25 58 
vt' 42 55 74 84 33 28 28 61 i 

8 YA/9 0.65 0.67 0.63 0.49 0.53 0.86 0.68 0.63 
~I/Qi 138/119 130/105 102/80 108/81 116/87 155/130 159/129 101/80 1 

45 54 
-

\~ 43 33 45 82 68 35 
_t' 

54 49 Vi 45 31 40 51 34 40 

9 YA/9 0.68 0.66 0.58 O.lié 0.58 0.58 0.65 0.60 
~I/Qi 93/73 94/84 117/91 109/87 94/73 80/62 90/73 96/76 1 

108 100 100 100 80 86 101 84 
V~ 76 100 92 76 78 54 74 76 

~ 

10 VA/~ 0.64 0.60 0.56 0.50 0.L4 0 0 64 0.63 0.57 
~I/Qi 102/83 97/78 95/74 103/77 76/55 119/95 119/95 119/91 

-P 8L 64 55 32 26 94 80 59 
V. 84 60 59 
~ 

47 39 106 100 94 

* n.s. - not s tudied 

Results from regions ~ith abnor:nal or boréer"Une 1\ ( .:: 60) are underlined. 



TABLE 16. RESULTS OF 133xe STUDIES IN PATIENTS WITH CHRONIC BRONCHITIS 

Patient (apex) Right Lung (base) (apex) Left Lung 
R1 R2 R3 R4 R5 L1 L2 L3 

1 VA/o. 0.68 0.54 0.56 . 0.61 0.60 0.68 0.63 0.61 
QI/Qi 169/138 188/157 184/142 179/141 101/89 197/160 228/192 216/168 1 - 122 54 ~ 85 23 99 107 87 V: 99 51 47 72 36 70 102 64 

l 

2 VA/Q 0.60 0.60 0.50 0.57 0.45 0.62 0.66 0.64 
SI/Qi 101/80 129/102 124/93 134/104 98/72 114/90 110/88 125/100 

~ 
60 75 36 65 26 90 90 69 
60 75 33 65 30 60 65 56 

3 VA/Q 0.69 0.79 0.73 0.65 0.55 0.73 0.77 0.55 
QI/Qi 87/70 93/76 105/84 84/66 69/45 70/56 91/74 93/70 

~ 65 65 65 45 31 65 65 33 
65 59 72 46 37 62 65 62 

4 YA/9 0.79 0.77 0.57 0.59 0.66 0.79 0.83 0.82 
QI/Qi 101/84 93/77 87/67 93/73 90/71 92/76 97/81 85/73 

lP 88 85 50 58 62 75 75 73 
Vi 78 86 58 64 78 86 76 72 

5 VA/Q 0.75 0.69 0.70 0.66 0.75 0.72 0.67 0.51 
QI/Qi 119/98 126/102 110/89 108/88 109/85 101/83 128/102 110/82 1 -
!p 106 98 98 106 80 101 98 84 
Vi 98 98 98 106 98 81 87 94 

6 VA/Q 0.63 0.47 0.37 0.41 0.51 0.63 0.52 0.50 

~I/Qi 121/96 98/74 52/35 92/65 84/63 120/96 113/86 113/34 
53 23 8 12 12 62 32 ?.7 

~p 

Vi 59 22 11 35 32 64 37 22 

7 YA/9 0.39 0.44 0.45 0.40 0.45 0.27 0.33 0.41 
QI/Qi 85/60 101/63 102/71 120/85 80/58 101/62 87/58 109/78 1 
~ 45 56 61 58 24 -

n.s. 25 58 
vt' 42 55 74 84 33 28 28 61 i 

8 {1A/9 0.65 0.67 0.63 0.49 0.53 0.86 0.68 0.63 
~I/Qi 138/119 130/105 102/80 108/81 116/87 155/130 159/129 101/80 1 

45 54 43 33 45 -
\~ 82 68 35 
_t' 

Vi 54 49 45 31 40 51 34 40 

9 YA/9 0.68 0.66 0.58 O.lié 0.58 0.58 0.65 0.60 
~I/Qi 93/73 94/84 117/91 109/87 94/73 80/62 90/73 96/76 1 

108 100 100 100 80 86 101 84 
v~ 76 100 92 76 78 54 74 76 

~ 

10 VA/~ 0.64 0.60 0.56 0.50 0.L4 0 0 64 0.63 0.57 
~I/Qi 102/83 9ïjï8 95/74 103/77 76/55 119/95 119/95 119/91 
-p 8L 64 55 32 26 94 80 59 
Vi 84 60 59 47 39 106 100 94 



~ 0.54 0.56 . 0.61 0.60 0.68 0.63 0.61 0.55 0.63 
~8 188/157 184/142 179/141 101/89 197/160 228/192 216/168 199/153 149/110 

54 ~ 85 23 99 107 87 43 51 
51 47 72 36 70 102 64 43 n.s. * 

) 0.60 0.50 0.57 0.45 0.62 0.66 0.64 0.48 0.43 
3D 129/102 124/93 134/104 98/72 114/90 110/88 125/100 76/56 93/66 

75 36 65 26 90 90 69 21 16 
75 33 65 30 60 65 56 20 22 

~ 0.79 0.73 0.65 0.55 0.73 0.77 0.55 0.61 0.81 
) 93/76 105/84 84/66 69/45 70/56 91/74 93/70 92/71 87/73 

65 65 45 31 65 65 33 36 65 
59 72 46 37 62 65 62 52 72 

~ 0.77 0.57 0.59 0.66 0.79 0.83 0.82 0.66 0.90 
+ 93/77 87/67 93/73 90/71 92/76 97/81 85/73 95/75 89/76 

85 50 58 62 75 75 73 69 94 
86 58 64 78 86 76 72 78 86 

5 0.69 0.70 0.66 0.75 0.72 0.67 0.51 0.42 0.45 
3 126/102 110/89 108/88 109/85 101/83 128/102 110/82 111/79 134/98 
6 98 98 106 80 101 98 84 49 56 

98 98 106 98 81 87 94 63 90 

3 0.47 0.37 0.41 0.51 0.63 0.52 0.50 0.43 0.30 
6 98/74 52/35 92/65 84/63 120/96 113/86 113/34 60/42 53/34 

23 8 12 12 62 32 ?.7 10 8 -
22 11 35 32 64 37 22 12 13 

1 0.44 0.45 0.40 0.45 0.27 0.33 0.41 0.47 0.43 
) 101/63 102/71 120/85 80/58 101/62 87/58 109/78 116/86 116/83 

56 61 58 24 n.s. 25 58 58 41 
55 74 84 33 28 28 61 56 43 

; 0.67 0.63 0.49 0.53 0.86 0.68 0.63 0.46 0.44 - --L9 130/105 102/80 108/81 116/87 155/130 159/129 101/80 105/77 116/84 
54 43 33 45 82 68 35 25 25 
49 45 31 40 51 34 40 20 23 

3 0.66 0.58 O.lié 0.58 0.58 0.65 0.60 0.53 0.44 
3 94/84 117/91 109/87 94/73 80/62 90/73 96/76 115/88 102/74 

100 100 100 80 86 101 84 65 29 
100 92 76 78 54 74 76 64 39 

~ 0.60 0.56 0.50 0.L4 0 0 64 0.63 0.57 0.55 0.55 
3 9ïjï8 95/74 103/77 76/55 119/95 119/95 119/91 86/66 105/31 --64 55 32 26 94 80 59 40 34 

60 59 47 39 106 100 94 67 76 

~'ith abnor:nal or boréer"line t p (.:: 60) are underlined. 



TABLE 16. RESULTS OF 133xe STUDIES IN PATIENTS WITH CHRONIC BRONCHITIS 

ex) Right Lung (base) (apex) Left Lung (base) 

R2 R3 R4 R5 L1 L2 L3 14 L5 

0.54 0.56 . 0.61 0.60 0.68 0.63 0.61 0.55 0.63 
188/157 184/142 179/141 101/89 197/160 228/192 216/168 199/153 149/110 

54 ~ 85 23 99 107 87 43 51 
51 47 72 36 70 102 64 43 n.s. * 

0.60 0.50 0.57 0.45 0.62 0.66 0.64 0.48 0.43 
129/102 124/93 134/104 98/72 114/90 110/88 125/100 76/56 93/66 

75 36 65 26 90 90 69 21 16 
75 33 65 30 60 65 56 20 22 

0.79 0.73 0.65 0.55 0.73 0.77 0.55 0.61 0.81 
93/76 105/84 84/66 69/45 70/56 91/74 93/70 92/71 87/73 

65 65 45 31 65 65 33 36 65 
59 72 46 37 62 65 62 52 72 

0.77 0.57 0.59 0.66 0.79 0.83 0.82 0.66 0.90 
93/77 87/67 93/73 90/71 92/76 97/81 85/73 95/75 89/76 

85 50 58 62 75 75 73 69 94 
86 58 64 78 86 76 72 78 86 

0.69 0.70 0.66 0.75 0.72 0.67 0.51 0.42 0.45 
126/102 110/89 108/88 109/85 101/83 128/102 110/82 111/79 134/98 

98 98 106 80 101 98 84 49 56 
98 98 106 98 81 87 94 63 90 

0.47 0.37 0.41 0.51 0.63 0.52 0.50 0.43 0.30 
98/74 52/35 92/65 84/63 120/96 113/86 113/34 60/42 53/34 

23 8 12 12 62 32 ?.7 10 8 -
22 11 35 32 64 37 22 12 13 

0.44 0.45 0.40 0.45 0.27 0.33 0.41 0.47 0.43 
101/63 102/71 120/85 80/58 101/62 87/58 109/78 116/86 116/83 

56 61 58 24 n.s. 25 58 58 41 
55 74 84 33 28 28 61 56 43 

0.67 0.63 0.49 0.53 0.86 0.68 0.63 0.46 0.44 
130/105 102/80 108/81 116/87 155/130 159/129 101/80 105/77 116/84 

54 43 33 45 82 68 35 25 25 
49 45 31 40 51 34 40 20 23 

0.66 0.58 O.lié 0.58 0.58 0.65 0.60 0.53 0.44 
94/84 117/91 109/87 94/73 80/62 90/73 96/76 115/88 102/74 

100 100 100 80 86 101 84 65 29 
100 92 76 78 54 74 76 64 39 



V à I VA/ o VA/ o 01 

,., 
V 

88 101 ·79 ·79 92 75 
85 93 ·77 ·83 97 75 
50 87 ·57 ·82 85 73 
58 93 ·59 ·66 95 69 
62 90 ·66 ·90 89 94 

Pt 4 

il QI VA/ o VA/ à QI V 

53 121 ·63 ·63 120 62 
23 98 -47 ·52 113 32 

8 52 ·37 ·50 113 27 
12 92 AI A3 60 10 
12 84 ·51 ·30 53 8 

'V 

QI VA/ Q VA/ o V 01 V 

84 102 ·64 ·64 119 94 
64 97 ·60 ·63 fl9 80 
55 95 ·56 ·57 fl9 59 
32 103 ·50 • ·55 86 40 
26 76 -44 ·55 105 34 

Pt 10 

i 46 l f 133 . . . h . . h h . b hi' F g. • Resu ts 0 Xe stuoles ln t .ree patlents wlt c ronlc ronc tlS. 
, 

Counter pcsitlons are shown schematically in the lung fields and beside each 

are the values of VA/Q, QI and ventilation per unit volume generated by that 

counter. Ventilation, signified here by V~ was actually computed from wesh-

out after infusion and ls therefore the same as Vp of Table 16. As in Fig. 

40, normally ventilated regions are indicated by open circles, abnormal re-

gions by filled circles, and regions with borderline ventilation are indi~ 

cated by shaded circles. 
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,., AI 
The differanoes between Vp and Vi showd & oonsistent pattern: when 

~ N N 
Vp liaS normal (> 60) it agreed well vith Vi (Fig. 47). but idlen Vp was low. 
III 
Vi vas often higher an:i sometimes was normal (Fig. 48). Thus. in poorly 

ventilated regions. washout of infused isotope was slower than that of inhaled 

isotope. An example of this phenomenon is shawn in Fig. 49. 
• • 

Poor~ ventils.ted ragions exhibited lower vAIQ than did weil ventils.ted 

regions in the same patienti when eaoh patient was considered ind1v1dua.lly, 

• • N regional vA/Q were found to oorrelate vith regional Vp an:i also usuall,y with 
~ . . 

regional Vi. Differenoes in regional vA/Q temed to reflect the extent of 
• • 

disease; in patient no. 6. for example. vAIQ variad twofold, whereas patients 
• • 

with less severe ventils.tor,y defeots had smaller regional variations of vA/Q. 

Regional perfusion was rels.ted to regiona..l ventilation. In severa! 

patients (nos. 1. 6-8, 10). regions with prolonged washout ware clearly under-

perfused. In examining this relationsbip for the series as a wole. it 1s 

AS IV • 
invalid to compare Vp (or Vi) with the Clr values in Table 16. If perfusion 

N 
were related to ventilation, regions exhibiting borderline Vp would he under-

perfused in patient no. 4 and overperfused in patient no. 6 (Fig. 46) since 

N 
Vp values between 50 and 60 represent poorly ventilated regions in the former 

a..t'ld relstively 'W'9~l ventilated ragions in the latter" To take account of this, 

the relative regional ventilation of each patient 'W-a.5 obtained by comparing 
,., "!If N 

ail of his regional Vp with the mean vp of normal regions ~Vp ,. 60), which "as 

set equaJ. to 100. Relati ve regional perfusion wa.s obtained similarly for each 
• 

patient by comparing regional cq to the mean Clr of norma.l1y ventilated regions. 

The resulting plot for ail subjects, shown in Fig. 50 Cr= 0.65;.f <0.001). 
N 

iIrlicated that when Vp was decreased to .( 70% of normal, ragional perfusion 

also wa.s decreased. 
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Fie. 49. Semilog plots of the i'18.shouts of regions R, and L, in patient 

1;0. 10. Ordinate: regioml 155Xe concentration e:-:pressed as a fraction 

0: .... pre-ii:lshout concentration. Abscissa: tirne in 3ecor.ds. Filled circles 

represent 'Hashout aI~er rebreathll1S, Xl s represent Hashout 3.f'ter i.."1.fusion. 

:·:mutB V'ent:U.ation did not di.:'fer cluril1.g the t',·;o i·;:l.shouts, 
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Fig. 50. Rel~tionEhip of regional perfusion to regional ventilation. 

Ordinate: relative regio~~ perfusion. Abscissa: relative regionnl vent-

ilation., The curve i"IaS drai"ffi by eye. 
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Five counters were used over each Iung. tl"OJn apex to base. If it i8 

o assumed that the arrangement of the counters did not vary a great deal. five 

oomparable oounter positions were exami.ned for each lung of eaah patient. 

(: 

DEi.ta ware. therefore. obtained fram a total of 20 oounters at the Iung apex 

and a s1milar number at each of four positions progressing to the Iung base. ,., 
Vp values vere abnormal in 751> of the basal eounters and were borderline or 

abnormal in 20% of apical oounters. Thus. the frequenoy distribution of ab­

normal or borderline counters increasad from. apex to base (Fig. 51). The num­

ber of ragions involved vas signifie:.ntly less Cf < 0.05) at the ApeX (counter 1) 

tha.n in the mid-zone (countel' ;), a..-rl the wid=Zioüas .. -are involved Iesa fre-

quently Cf.( 0.05) than wal"e the bases (counter 5). This signifioance held 
#III 

when either abnormal ragions (Vp ': 50) were considered or wen both abnormal 

am borderline ragions (50 ~ Vp ""60) ware considered(103). 
1.33 

To compare Xe results with tests of over-all function, all ragional 
AI N 
Vp were averaged in each patient. The rasulting mean Vp was thought to raprasent 

an index of over-all ventilatory impairment. No correlation existed between 

N 
each patient t s mean V and his VC, RV /TLC, NNFR, or FEV or between his mean p 

N 
Vp s.Di his rank in Table 15 (which represented the degree of abnormality of 

1.3.3 
routine func:tion as assessed befora Xe results tiere know-n). Thera '\oms a 

AI 
suggestive but not significant correlation between mean Vp and mixing efficiency ,., 
a.n:l there wa.s a highly significant correlation betwaen mean V p and fractional 

CO uptake (Fig. 52, r = 0.81; E.( 0.01). 
l'ti N 

It is unlikely that the differences noted between V p and Vi wera du", to 

artifact. As noted praviously, thera are two major difficulties with the inter-

pratation of regional washout in tarms of regional ventilation per unit volume: 
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Fig. 51. Incidence of abnormally ventilated regioll3 :in patients 'I·Ti'th 

bronchitis. Ordinate: counter position frOID apex to base. Absciasa: num­

ber of regions uhich Her hypoventilated. Stippled bars represent abnormal 

(Vp < 50) re8:'ons, 3.lld batched bars represe:1t borderline (50 < v;, < 60) 
regioll3. l~o distinction liaS made betHeen right e.nd left l UD.gs. 

207 



100 MEAN 
-v 
Vp 

• • 
80 

•• 

60 
• • • 

• • 
40 

CO EXTR. 
• 0/0 PRED . 

80 100 120 140 

Fig. 52. Relationship betueen overoJ.l ventilatory impairrJent (mean Vp ) -and CO extraction in bronchitis. Ordir..n.te: mean Vp ' obtainecl by ave:r--o.ging all regioncl V p in each po.tient. Abscissa: CO extraction expressed 

as percent of the predicted norm~l value. Each point represents a different 

patient. 
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133 
1) exchange of Xe between regional gas and blood ente ring and leaving the 

region during washout, and 2) changes in radiation frOID the chest wall. If 

#V #v 
discrepancies between V and V. were artefactual, the artefact should arise p l 

frOID one of these sources. 
133 

In regard to circulatory Xe exchange, the equation representing the 

process of regional washout could be written: 

. 
= FAO - vA/v FA - Q/V"FA 
133 

+ Q/V c­v 

where FA 
o 

is regional Xe concentration at the onset of washout, vA/v 
133 

Xe leaving the region via ventilation, Q/V FA~ is a term representing 
133 

represents Xe leavj ng the region via the pulmonary venous blood and "-Iv Cv 
is isotope entering the regi.on as it is washout out of the peripheral tissues. 

This equation is the differentiated forro of eq. 111-22. 
133 

Obviously, the effect of circulator-J Xe €xchange on regional Hashout 

depends on the relative magnitude and time courses of Cv and FA". The 

decay fQ~ction of recirculating Xe concentration (Cv) is independent of lung 

~ t· d l t· l l (61) lunc lon an re a lve y s OH • Thus, if Cv exceeds FA o{J Hashout is 

prolonsed and if FAt)( exceeds Cv' Hashout is shortened. Therefore, for 

AI '" è!i > vp ' recirculating Xe concentrations rrust be higher, relative to regional 

concentrations, after infusion than after rebreathing. This could not :1.ave 

been the case because the resions in ihich ,·rashout discrepancies i·rere apparent . . 
HBre those Hith lo-_r VA/Q. These regions must have had relatively high regional 

cor.centrations at the end 0: infusion and relatively 10i"l regional concentrations 

at the enQ of rebreathing. As noted in section III, recirculating Xe levels 

at the en:: of infusion am rebreathing are 50 - 70;'~ of the arlerial Xe 
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o 
conce~ltrations. Arteria1 Xe concentrations represent the whole lung am, 

• • 
therefore, contain contributions from regions with high VA,/Q as well as those 

• • 
fram ragions with low VA,/Q. Thus, at the erxl of infusion, mixed arleria1 
133 

Xe concentrations must be lower than those present in the blood of ragions 

• • • • 133 with low V A,/Q, because high V A/Q regior.s are characterized by low Xe con-
133 

centrations. Converse]y, at the em of rebreathing arlerial Xe conoentra-
• • 

tians must be higher than those in the blood of low V A!Q regions, since regions 
• • 133 

with high VA/Q have high Xe concentrations during rebreathing. This a.nsJr 
• • 

sis, then, leads to the conclusion that, when low V A/Q ragions are considered, 
133 

at the onset of washout from infusion, mixed merial Xe leveIs (Ca) are 

smaller in relati\'ln to ragional concentrations (FA) than is the case in the 

same regions atth~ e~ of rebreathing. Since recirculating Xe at the onBet 

of washout is determined by Ca, e.rrl since the time course of peripheral wash-
133 

out is the same after both infusion and rebreathing t recirculating Xe 

concentrations may be substituted for Ca in the above conclusion. Thus. in 

• • 133 N IV 
low vAl Q regions circulatory Xe exchange would tend to make V P ') Vi' the 

opposite of what we found. 

The second. source of difficulty in the interpretation of regional Ti 
1s the question of iomShout of the chest .. "ail. If radiation fram the chast 

'Hall was a more sigr.ificant part of the total regional count rate during in-

fusion than dur:i.ng rebreathing a.ni if the level of background changed signi-,., ,., 
ficantly durinB washout, Vp might be lengthened more than Vi. Such was probably 

not the case. As noted earlier, isolated chest wall washout is quite slow, 

and could influence ragional washouts only if chest wall ra.dia.tion amounted 

to a major part of total regional radiation. In these patients t chest wall 

radiation exceeded 10% of total radiation crJ..y at the lung apices; i t was pre-

cisely these ragions which showed the fewest washout discrepancies. 
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Finally, in the preced.ing sections we have seen that neither asthmatics 

o nor patients wi th bronchiect&sis demonstrated washout discrepancies though 

these patients had ragions which functioned as baclly as man.y of those noted 

in bronchitis. Since the techniques involved wera identica1 in ail three sets 

(') 

of patient!!, i t is most improbable that the washout discrepancies observed in 

bronchitia wre due to artèfact. 

Thase differances are hast explained on the hasis of ftmctional 1nhomo-

geneity within single lung regions. With one exception (discussed later) 

washout discrepancies followed a uniform pattern: differences occurred in . . ~ 

areas with low vA/Q iU'Xi abnormal Vp ; washout of inf'used isotope was slower 
N N N N 

than that of inhaled isotope; (Vp ( Vi) aIXi though Vi wera higher tban Vp they 

were seldom normal. These findings in:licated a consistent pattern of regional 

ftI ". 
inhomogeneity. Regions in whicb Vp .( Vi contained (at least) t'Wo groups of 

• • 
ur~tSt one of which had lower values of VAfQ and ventilation par unit volume 

133 
than did the other. During infusion, regional Xe concentrations and, there-

• • 
fore t regional count rates, are inversely rela.ted to V AfQ, so that at the end 

• • 
of this procedure the units rrlth lower VAfQ contribute more to total rev.onal 

count rate than would be predicted on the basis of their volume. Conversely~ 
133 • • 

du-"'"ing rebreathl.ng. Yr. ,.. __ ,,~ ..... ':" .... _~4..., ... 4_ ..3.& ___ ... .,.,.,. relat-..3 to V IQ sa tb" .. t -- ...; ...... ,.._v ... "'J,.Ço.I.J • ..." ..... ..a..,,;t ~"Q""'~ ~ À' :..Q. . . 
nt the em of this procedure the units w.i..th lower V A/Q contribute sOlre • .-hat 

sma11er amount to the ovez-all regional count rate than "V.'"Ould be predicted 

on the basis of their volume 0 P.egional vTashout is dorlnated by the 'Hashout 

of the group of units 'Within the region ,,;'0ic12 bave the greatest initial count . . 
ra.te. Regiol"..a.l i'iashout a.fter infusion reflects relati valy low vAl Q. uni ts 

and is long .men sllch units are ba.dly ventilatedj the washout of the same 

211 



o 
• • 

region &fier rebreathing is importantly inf'luenced by units vith bigh V J./Q 
IV N 

and if these units are well vent1lat~ Vp < Vi. 

These principles are illustrated in Fig. 53 which shows washout af'ter 

reb~th1ng am infusion f'rom a region composed of two oompartments w1th equal 
• • 

volume an::! blood f'low but a three-f'old differenoe in VA/Q and ventilation. A 
N N 

distinct dif'ference bet~e!l Vp -!ri Vi ia apparent. 

Pertinent regiên&l washouts have been s1mulated in the manner of Fig. 53. 

computing washout from ragions consisting of two oompartments wi th equal volumes 
• • 

and perfusions but with different VA/Q and ventilations. In such a model we 
• • 

have fourrl that a two-f'old dif'ference in compartmental ventilation and V A/ Q 
N AI 

produced rather small (1O;t) difference between regional Vp and Vi. Sma.ller 
• • 

intraregional dif'ferences in ventilation aM V A/Q would thus not be detected 

easily. Regional washouts sim:i.la.r to those observed in this study (Table 16) 

were also simulated; the rosults showed that Fig. 53 was not an extreIlle exs.mple. 

Examples of soma regions which demonstrated washout discrepancies a.re shawn 

in Ta.ble 17 together vith the characteristics oi t'Wv Gqu.~' volume, equaJ.ly per-. .,., ,." 

fused compartments compatible with the VA/Q, Vp am. Vi of eo.ch of these regions. 
• • 

Compa.rtmental differences in VA/Q and VBntilation are larger than the differences 

between regions in the sa.me patient noted in Table-l8o Host examples shown con-
• • 

tain a compa.rtment with higher VA/Q tha.n that observed in any regiQn in that 
o • 

patient; all examples shown contain a compartment with lo--wsr VA/Q tha.n that 

observed in a.ny region in that patient. According to this ana..lysis at least 

10% of the lung of patient no. 6 (who had a normal FEVO.75) nOS exohanging 
• • 

gas at VA/Q( 0.20. While the figures of Table 17 TJ.aY give a clue to the mag-

nitude of intraregional homogeneity which ma.y he present. it must be recalled 

that these figures are based on an arlificial model. Each region -was assumad 
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Up Up .. FA =. cv 
p WQ+a 

Vp=40 
20 

:r112= 1.04 min 

-- VA/Q=I.O 
, TII2=05min 

-- \A Id= 0.33 
TII2= 1.5 min 

o 
TI~(mirù 

Vi=54 

LO 2.0 

Fig. 55. 1~ashout from a hypothetical region made up of tViO ·compartments 

uith d:ii'ferent function. Ordinate: count rate in kilocounts per minute 

on a loge,rhythnic scnle. Absc issa: t:i.me in minutes. The t·,,;o compart-

ments are h01:logenous éL.'T),d of e~ual vo:!.ume, one (dotted Une) '\'lith VAlQ:l.O 

and T-~-=30sec, the other (dashed line) iiith "fpjQr: 0.33 and Tt-: 90 sec. 

Tr.e sol id l mes represent overall regioml lf8.shout and arA !'d:mply the 

sums of ccrnparvmental vrashouts. The equations indicate tl'1e factors gov-

crnin,; the pre-.rashout (t = 0) cœ:l'J3..rt:::.ental concentrations and count 
.... '" rate. V and v~ \"[ere computed assum~c:: an FRC of 2.5 L and an overall p .... -

ventilation of 6.0 L/nin. 
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TADLE 17 - CllARACT EIUSTICS OF T'i';ü IlYPOTHETICAL EQUAL vo~m~, ~UALLY lERFUSED Cm1PART}1E~rrS (A,B) 
Compatible l-lith observed re~~ionBl VA/(~, Vp, and Vi 

Pa.U.cnt 

5 

6 

9 

10 

HeGion 

Lh 

Rh 

L5 

J;; 

L3 

Lh 

VA/Q 

.h2 

.hl 

.30 

• Ld.t 

.5 '7 

[' [' 
• ..J;J 

Regional 

,-v 

Vp 

h9 

12 

8 

29 

54 

Llo 

r-/ 
Vi 

63 

35 

13 

39 

9ü 

67 

A . ~ 

VA/Q 

.28 

.20 

.17 

.29 

.34 

.34 

Compartrœnts 

,.., 
V 

36 

9 

6 

21 

ü2 

30 

VA/Q 

.68 

1.17 

.61 

.78 

1.21 

1.08 

B 

'" V 

88 

54 

21 

58 

150 

94 

e 



(': 

to oonsist of' cmly two eompartments whioh had equal volUlll88 ani per.fusions. 
• • 

These assumptions may ml ni mi ze true diffel'ences in compart,mental VAl Q am. 
ventilation. If the number, volume aM perfusion of eompartments were allowed 

• • 
to vary, compart.mental differences in vAl Q aM ventilation much larger than 

those shawn in Table SV would still be compatible vith ths regional values of' 

Table 16. 
• • 

The variations in regional VA/Q shawn in Table 16 are not large - they 

are less than those seen in an ereet normal - aDi would not inJicate significant 

ineificiencies in overall gas exchange. However, in the presence of functional 

differences within lung ragions, funotional differences between lung ragions 

reprasent the minimal differences in function iddch exist throughout the lung. 

In this series there was evidence that differences in function within single 

regions did erlst: ail our pa.tients except no. 8 (see below) showed regions in 
AI AI 

which Vp <. Vi. Crude analysis of these discrepancies (Table 17) indioated that 

these intraregional variations in funotion "-are not small an:i, therefore, 

probably caused significant inefficiencies of ovarall gas exchange. Though 

ventilatory function was generally well preserved in these patients, it is 

likely that measurement of alveo1.a.r-arterial gas tension differences would 

have yielded significant.1y abnormal !"esult.s in most, if not all of them. 
(/l1li l'IJ 

In t'-lO patients (no. 8 and 9) Vp clear1y exceeded Vi ragions considered 

to be normal. In patient no. 9 this occurred in a relatively large number of 

ragions and probably was due to the fact +..hat the alveolar ventilation wa.s 

greater in relation to minute ventilation after infusion than after rebreathing. 

How'"6ver, this explanation was not tenable in the case of patient no. 8, in 
l'tl l'ti 

whom two regions (Lt an:i Lz) showed I1normal!1 Vp and grossly depressed Vj.~ 
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• • 
Regional VA/Q US relatively high in eaoh of these regions. This may he inter-

• • • • 
preted as indication of high VA/~ badly ventilated subregions plus low VA/Q 

well ventilated subregions. but also could he in part due to artefact. 
133 

The resu1ts of the Xe studies showed considerable variation from 

patient to patient. This allowed correlations to he drawn between these re­

sults ard. thoae of routine pulmonary funotion tests though variations in the 

latter from subject to subject were not large. A positive oorrelation between ,., 
miJdng effioiency (ME) am mean Vp might he expeoted. since one is derived 

from inert-gas washin am. the other fram inert-gas washout. However. ME ia a 

measure of the unevermess of ventilation, whioh is not necessarlly the most 
/kil 

important determinant of mean Vp• An iniex of the interregional variation 

of ventilation W8.S calculated; using statistical techniques, the stan:lard devia­,., 
tion cf mean V wa.s derived for each patient and was compared with ME (Fig • .54). 

,., f'tI 
Correlation ",-as good ldlen either Vp or Vi was considered. irxiicating that 

interregional differences in ventilation may have been important determinants 

of O"t'eral.l mixing, or, alternatively, that interregional differences are simply 

indices o~ more important intraregional differenc9s in ventilation. 
#\J 

Haan Vp wa.s co::rrelated w-ith the CO extraction ratio, which is an expression 

of that fraction of CO presented to the lung un:ler flsteady-state fl cozrlitior.s 

which i5 taken up by the blood. In obstructive disease, this ratio reflects, . . ~ 

among ether things, variations in vAl Q wi thin the lung. Whereas maan V p could 
• 

relate to regional variations in V AIQ, the CO extraction ratio appeared not 
• • 

to relate to interregione.l variation of vAl Q (calculated in a manner analogous 

to that used for ventilation). Therefore. it is reasonable to postulate that 
• • 

intraregional variations in vAl Q were an important determinant of overa.1l ex-

change as tested by CO uptake. 
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Fig. 54. Inter-regional variations in ventilation campared to mhing ef-

ficiency in chronic bronchitis. Ordim.te s inter-regional variations i..'1 

ventilation, , . .,hich i·ras calculo.ted by taking, in each p3..tient, the standard - '" deviation of aIl regional Vp (closed cirêles) or Vi (open circles) and 

,." IV 
e~ressing these as a per cent of the mean Vp or Vi. Abscissa::mL~ins 

effiéienc:r e::pressed as 0. per cent of the predicted normal value. Each 

point rcpresents a patient. As mL~ing efficiency inc~eased, L~ter-regiop~l 

variation of ventil2.tion declined. 
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Whatever the interpretation placed on the correlations shovn in Fig. 52 

aM .54. it is important to note that they demonstrate Il wide range in :tunetion 
1JJ 

as &ssessed by Xe studies are, therefore. to be interpreted as 1Dd1oating 

that there may be considerable regional funotion impaiment in chronio bronchi tis 

when the bronahitis is clinieal.ly mUd alXl aecompanied only by minor abnormali-

ties of overall pulmonary function. 

Many epidemological studies of chronic bronchi tis have been based on tests 

of expiratory fiow rate (109), but in the present group of patients there vas 
133 

no oorrelation between the resu1ts of Xe etudies a..~ the m'R or FEV. Fm-
133 

thermore. in ail of the subjects. 

exchange, although MMFR 'WaS normal in three and FEV was lrl.thin normal l1mits 

in four (including patient no. 6). It seems clear. therefore. that chrome bron-

chitis rna.y be associated with severe regiona.l abnorma.lities in pulmonary function 

'Without signifieant deerease of the forced expirator:r fIc-,.; r~te ~'1d thnt the 

latter measurement :may not relate to the severity of chronie bronehitis. 
133 

Were the abnormalities detected by these Xe studies in fa ct related 

to chronie bronchi tis and not due to eo-erlstent emphysema? It cannot be denied 

that lungs of patients such as tbese demonstrate some emp~pema on morphological 
133 

study. If, however, a1l Xe regional abnormalities are attributed to mor-

phologieal emphysema, the e:nphysems. must have involved about 5CJ!, of the Jung 

tissue of all patients except nos. 4 and 5. Studies correlating routine function 

tests and pathologie anatomy(110) indieate that such extensive emphyseTIk~ would 

ce most unusual in patients such as these. Further, several of these patients 

ba.ve undergone li:eaS1..;.rement of the mechanical properties of their lungs, and 1.."1 

each case, st~tic pressure voltŒB curves ~~re ~~thin norr~l limits. One of 
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the important characteristics of pulmonary emphysema is byperdistensibili ty 

o as demonstrated Dy the static pressure.volUDle curve; the presence of a normal 

statio pressure-volume relationship is then evidence against widespread emphy­

sema. Perhaps of particular significance is the fact that patient no. 6. who 

demonstrated the Most extensive regional abnormali ties noted in this series. 

had an entirely normal pressure-volume cune. 

If the static elastic properties of these patient' s lungs vere normal. 

then abnormali ties of regional ventilation distribution must be attributed to 

abnormali ties in airway resist&nce. Significant 6i:-n-=Y obstruction would appear 

to have been present in some patients (nos. 1. 2. 6) in whom tests of expiratory 

flow rate did not indicate airway obstruction. Theae fin:iings are compatible 

vith the major site of obstruction being in the lung periphery. The resistaDce 

of peripheral airways (~2 nnn internal diameter) constitutes only a small frao­

tion of total airway resistance(112) which then may be little affected by major 

changes in the state of the peripheral airways. If over-ail airway resistance 

were only slightl,y abnorme.l and static elastic properties of the lung were nor-

ITAl. litt le or no depression of expiratory flaw rates would occur. Hon-ever, 

the distribution of peripheral-a,ir.my resistance obviously is an important dater-

minant of ventilation distribution. Therefore, expiratory flOi>I rates may remain 

normal despite gross maldistribution of ventilation due to disease in small 

airways. 

The studies of these patients lur~ mechanics supported this bypothesis. 

In general, static pressure volume curves of +"'e lungs ware normal. In those 

patients vith well-preserveci. expiratory flow rates, -the total airway resistance 

was normal Ol" o~ slightly increased. In ail subjects, howevflr, dynamic 
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compl1ance fell very distinctly as respiratory frequeney increased, implying 

tbat the distribution of ventilation wa.s frequeney deperdent. These fi nd1 ngs 

are probably typical of sman airvay diaease. 

Chron1c bronehitis ia often considered to be primarily a disease of 

major airways, aince 1t 18 in these that the abnormalities thought to be typi­

cal of the disease are seen anatomioally aM roentgenographically( 9h) • Ob­

structive les10ns in the peripheral airways have been described (113) but their 

frequency, extent an:l importanoe have note Peripheral-airway resistance 15 

elevated in the lungs of patients with both bronchitis and emphysema (114) but 

there are no similar studies of the airways of patients suah as those presented 

hers. It seems very probeb1e that the functionally important lesions were ex­

clusively in the peripheral airways in some of our patients (no. 1, 2 and 6). 

However, if all of the abnormalities in aU of our subjects ware due to disease 
13J 

in peripheral (or central) airways, the expiratory flow rates and Xe results 

would have sho-wn significant correlation. The absence of this correlation 

suggests that there ma.y be more than one site of airway obstruction in chronic 

bronchitis, as bas been shown to bEl the case in more severe disease (115). 

Regional perfusion was not distributed evenly, in that ragions which were 
• • 

underventilated tended to be underpecl'used, i.e., ragions mth lo-rr V A/Q l.'"9ra 

hypoperfused. If these patients did not have extensive destruction of lung 

parenchyma, it must be concluded that the abnorma.l flow distribution was fune-

tionsl in origine Similar decreases in regional perfusion of a functional 

nature ~re observed in patients with asthma. If the mechanisms responsible 

for regional hypoperiusion wera common to both diseases, it might be anticipated 

that si.rnilar relationships would obtain between relative regional ventilation 
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and relative regional perfusion. Comparison of Fig. 43 vith Fig. 50 appeared 

to show that bacily vent1lated regions were somewhat better perf'used in bronchi-

tis than in asthma, which may irxiioate either that different factors were respon-

sible for regional hypoperfusion or that common faotors were operati ve but thera 

was greater intraregional variation of fllnction in bronchitis. Relative regional 
,.. 

ventilation (Fig. 50) wu based on Vp which temed to represent units vith low 
• • 
VA/Q am relative~ poor ventilation. whereas relative regional perfusion wu 

• 
based on ~ whioh more closely represented mean regional blood flow. The use 

N 
of Vp to derive relative regional ventilation cau.sed underestimation of the true 

IV 
(mean) relative regional ventilation in regions with vp.c 60. Such an umer-

estimate of ventilation would cause badly ventilated ragions to appear relatively ,.,,.. 
overperfused. Generally, in astbmatics, Vp=Vi so the errer noted above could 

account for the observed differences in the relative perfusion of bacily venti-

lated ragions. Thus, a mechanism oommon to both diseases, such as regional 

hypoxia, which would tend to adjust regiona1 perfusion to regional ventilation, 

i8 not excluded by the present data. 

The strildng terrlency for the lung bases to he affected most frequently 

and the apices least frequently i5 compatible with the concept that bronchitis 

is deperrlent chiefly upon personal and environmental air pollution. Most ex-

posure to cigarettes arn atmospheric pollutants occuxs while humans are seated 

or staniing. Since ventilation increases stea.:iily from apex to base in these 

postures (63) , inha.led pollutants "WOUld attain highest concentration at the 

ba.ses a.rrl. lowest at the apices, and, ~hen pathogenic, nd.ght give rise to disease 

Most often at the lung bases. 

Asthma an:i chronic bronchitis sometimes are very similar clinica.lly and 

often bronchitis is diagnosed as asthma. HO""ft9ver, comparison of the results 
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obtained during the present studies vith t.hose obtained in patients wi th asthma 

reveals greater differences than similarlties t although admittedly both series 

were small in nlUll.ber. The regiona1 distribution of the disease wu different: 

in bronchi tis the ap1ces were relati valy spared, lIhereas in asthma the mid-

zones vere found to be least of tan af'fected. Regional zones of malfunot1on 

. ""Te fotmi in chronic bronchitis even lihen total. pulmonary function was normal 

or nearly so, nereas in patients with spesl1od1o asthma the regional differences 

vere fOUDi only when the MMFR was depressed to 5~ or 1esa of its predicted 

normal value. Significant inhomogeneity of function within single ragions or 

counter fields was fatm:i repeatedly in broncbitis but not in astbma. These 

fjrxi1ngs are consistent with the hypothesis that bronchitis is primaril,y a local 

or ragional process whereas, particu1arly in its milder stages, asthma tends 

to be a more general prooess. Because of the regional aM subregional character 

of chrome broncbitis, signifioant abnormalities of overall gas exchange may 

wall erlst in such patients w.t th only minor ventilatory impairment, but this 

is not likely to be the case in patients with spasmodic asthrns. 

In summary, ten patients with chroDic bronchitis were studied; these 

patients were of a type commonly encountered but 11 ttle understood. Although 

overall pulmonary function was near~ normal in severa! patients, all haà. de-
• • 

creased ventilation and depressed VA/Q in some lung regions. Basal regions 
ltI ~ 

we:re most COI:!!Uonly affected. ~fferencas bat~ .. een Vp and Vi gave evidence of 

inhomogeneity cf function ~~thin single ragions, 50 that recorded function 

differences between regions represented minimal values for actual differences 

t:":rouzhout the lung. Analysis of vashout discrepancies in:licated that important 
• • 

differencas in VA/Q and ventilation were probably present in most of these 
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patients. The presenoe of abnormal regional funotion without significant de­

pression of expiratory nov rates suggested that significant peripheral-airway 

disease GS present in these patients. Thus. in bronohi tis overall gas-exchange 

efficiency ms:;y be oompromised even when severe ventilatory disability is absent. 
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o 7. EMPHYSEMA 

Ail Agree that one of the most common am important diseases primarily 

affecting the lungs 1s emphysema. Unfortunately. it bas become clear that 

emphysema is a diagnosis that oan be made with certainty only on the basis 

of morbid anatonv. This bas reIrlered pbysiological investigation of tbis 

disease somewhat prob1ematical aM bas lead to studies of empbysematollS pa­

tients UDier diagnostic headings such as "diffuse obstructive pulmonary 

symrome" and "chromc bronchitia." The latter of these tems 18 particularly 

bothersome sinee chronic bronchitis may he preeisely defined in terms of 

clinical symptoms aM aince a distinct ms.jority of patients with emphysema 

have these symptoms. considerable confusion has amen. 

However, recent studies have correlated pathological fi rd; ngs w.t th the 

results of pulmonary funotion tests am. reasonable working oriteria for the 

diagnosis of emphysema have emerged(110) • Patients with emphysema. usuaJJy 

have at least a moder~te degree of limitation of activity due to their disease. 

They tend to have considerable limitation ofaxpiratory air flow with a high 

RV. Hirlng efficiency terrls to be poor and the FRC large. The most consistant 

and important"a':mol'l!lalities of function are a depression of steady state ~O 

and hyperdistensibility of the lungs as measured by the static pressure-volume 

curve(116). It should be noted that patients with these abnormalities usually 

also have chrome cough an:l sputum so that it is diffieult to ascribe ail 

the above abnC'rmalities of function to the lesions of emphysema par se. It 

can he stated, however, that patients 'With pure chronie bronchitis usually 

do not display grossly decreased ~O or pulmonary hyperdistensibility. 
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As noted earlier in this thesis. it bas been demonstrated. repeatedl,y 
• • 

that patienta with emphysema hava gl"~~ m:ù.d1stribution ot V A/Q throughout 

their lungs; this maldistribution ô&UBeB marked 1ne1'1'ic1ency 01' overall gas 

exchange and outright respiratory 1'ailure 1'requently enaues. 01' several ap-
• • 

proaches to the distribution 01' VA/Q in patients with emphysema. one 01' the 

most productive bas been that 01' Br1scoe (38). who combined 1nert gas washout 

with measurement 01' arterial blood gas tensions. He conoluded that the empby­

sematous lung could. be represented by a two compartment model: a small vell 
• • 

ventilated well perfused compartment with high VA/Q existing in parallel with 

a larger very badJ.y ventilated slightly un:ierperfused compartment with low 
• • 
VA/Q. Subsequent analyses 01' other data 1'rom suah patients have supported 

""2) th1s concept \'+" • 

Ra.diological exam1.nations of the lungs 01' patients with emphysema show 

regional inhomogeneity in regard to the distribution of blebs, pulmonary 

- ad 15(117) h . parenchyms. an:! large and sms.ll pulmonary bJ..o vesse • Furt er, prenons 

133 (118) 
studies with Xe have shawn that distinct regional differencas 01' ven-

tilation and perfusion e:rlst in the lungs of many patients with emphy:::ema. On 

the basis of such stUdias various surgical approaches to the emphysematous 

lung have been sugeested and implemented. These have included excision, ex-

clusion and obliteration of lung ragions which have been thought to function 

poorly,_ 

In light of these data, it is of interest to &Ssess ragional gas exchange 

in emphysema.. It would be of considerable interest if the wide variations in 
• • 
VA/Q seen in this disease had a ragional basis; such a fin:ling w.-ould lem 

great support to those espousing surgical approaches to this disease. 
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It i8 unlikely, however, that JII&J\Y students of emphysema would expect 

that clifferences in regional gas exchange are of critical importance. Indeed, 

it bas been postulated by two authorities (119, 91) that important differences 

in gas concentrations erist within the emphysematous secotdary lobule. Thus , 

it 18 likely that important intraregional variations in function erist in the 

emphysematous lung. Since the most significant limitation to the study of 

regional lung function is the presence of intraregim al inhomogenei ty, studies 

of patients with emphysema could yield. important information about the methods. 

if not the subjects. 

Twenty patients vere studied: 5 females and 15 males, who ranged from 

34 to 67 yea.rs of age; only three were less than 45. Ali bad either been 

followed for some tilDe in the outpatient clinic of the Royal Victoria Hospital 

or were studied while in-patients. None were a.cutely i11 and a.ll were clini­

cally stable a.t the Ume of study. They were seleeted for the study on the 

bs.sis of clinica.l history, x-rays of the chast and routine lung function tests, 

ail of which vera thought typical of pulmona.ry emphyseme. (110). AU patients 

were dyspneic on mild or moderate exertion a.n::l soma wera under treatment for 

right heart failure. Almost al1 gave a history of chronic productive cough. 

PathC'llogical support for the diagnosis of emphysema.. liaS available in 

four patients; three underwent resection of emphysematoua lobes and one came 

lJJ 
to autopsy some months after these Xe studies. 

Pulmonary function tests jo,-ere carried out ni thin three months of the 

lJJ 
Xe studies. Lung volumes, including vi ta! ca.pa.ci ty (VC), functiona.l resi-

dual ca.pa.city (FRe) a.rxi residual volume (RV) were measured by spirometry and 

helium dilution. Mirlng efficiency (ME) wa.s also measured by closed circuit 

helium dilution. Expiratory flow rate wa.s assessed in two ways: the ma.xi.mum 
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mid-expiratory flow rate (MMFR) was measured as was the volume produced in 

the first 0.75 sec. of forced expiration (FEVO•
75

). Steady-state diffusing 

capacity for CO (Dr. ) was also estimated. Arterial oxygen saturations (SaO ) 
CO 2 

were measured spectophotometrically and arlerial carbon dioride tensions (PaCO ) 
2 

were measured with Severinghaus electrodes. 

In addition to these studies, in 10 patients measurements of lung mechanics 

were available. These were carried out using an es ophageal balloon to me as ure 

pleural pressure and included static lung compliance (Cst)' total lung resis­

tance (RL) and the maximum elastic recoil pressure (max Pel) which is the pleural 

pressure measured during open glottis breath-hold at maximum insPiration(116). 

If max Pel is very negative (less than -25 cm E20) lung recoil is normal; less 

negative pressures (more than -15 cm EZO) indicate 105s of lung elasticity. 
133 

Dye dilution cardiac outputs were measured during the Xe study in 

a11 patients. In 13 patients in::locyanin green dye 1mS used and artar1al blood 

sampled to insc~be the dye curve. In the remaining 7 patients Coomassie blue 

dye was usad am the dye curve inscribed by an ear oximeter. 

Xe studies were conducted with the patients supine with 5 scintillation 

counters positioned behind each lung from apex to base. Each patient re-
133 133 

brea.thed Xe for 10 min., received a 10 min. intravenous infusion of Xe 
133 

and received t'fO or more slug injections of Xe ,.;hile breath-holding at FRG. 
133 

L~eria.l Xe concentration Here measured during the rebreathing and infusion 

procedures in :wost patients 'I.ho had an arterial catheter in place for cardiac 

output measurements. 

Regional ventilation Has a.ssessed by taking the reciprocal of regional . . 
Tt measured after infusion (Vp/V) and after rebreathing (Vi/V). Eecause 

this method utilized the early part of the washout curve, it ma.y have neglected 

badly ventilated (sIOi-T 'I.mshout) units. 
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. . 
The computation of regional VA/Q depended on whether or not the patient 

underwent measurement of arlerial 133xe concentrations. In subjects who had . . 
not, regional vA/Q were computed according to eq. III-7. In the majority of 

133 
patients arlerial Xe concentrations were measured and these measurements 

133 
allowed recirculating Xe to be considered in the calculation of regional . 
VA/Q according to eq. 1II-13. The effect of this correction for recirculating 

133xe was to increase differences among regional ~A/Q in each patient. 
133 

Xe 
. . 

Calculations of regional VA/Q assumed that steady states regarding 

exchange were attained in lung regions during 10 min. of infusion and rebreathing. 

As noted, the speed of approach to regional steady state depends on regional . 
vAl V and Q/V; if these fractions are small the steady state is not attained 

rapidly. In emphyserna these fractions rnay be srnall and the validity of steady 

state analysis may be questioned. Failure to establish steady state conditions 
133 

is theoretically more likely during Xe infusion than during rebreathing. 

This is because input concentration during infusion (Cv) needs a finite tiwE 

to rise to steady state levels, Hnile input concentration during rebreathing 
133 

(FI) is all-,ays high. The respira.tory Xe output (v x ), the proouct of the 
133 e 

minute ventilation and the mixed expired Xe concentration 1-7as compared to 
133 

the Xe injection rate during infusion. . 
VA/Q of the patients and the sol:lbility of 

\-ïith steady state conditions (Taole 20). 

If one alloi-red for the ove raIl 
133 

Xe, the results ,-mre consonant 
133 

In all patients mixed expired Xe 

levels appeared constant ovel' t;1e latter part of inf"..1sion. Thus, it is probable 
133 

that overall steady states Here esta.':Jlished 'oy the Xe infusion in these 

studies. Tlüs vias not true in all lung regions examined, ha;~-ever; ii1 a. nu.T1J.ber 

of very 'oadly ventilated regio!'..s, ,-i-JÏch presurr.ably contributed li ttle to l'..ixed 

e:;..--pired Eia.s, count rate iias still LYlcreasing at the end of the infusion tin18. 
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This teDienoy Wa8 less pronounced when the rebreathing period was considered. 

Thus, in spite of overall steady state oonditions regional steady state count 

rates vere in soma instanoes underestimated. BeoQuse the degree of under-
• • 

estimation of Up was greater than that of Ui , resulting regional v!,/Q were 

probably overestimated. 
• • 

Another error whieh may have oaused overestimation of regional V A/Q vas 
• • 

the assmaption that VI = VA' which was made in deriving both eq. III-7 &ni 

eq. III-13. M disoussed previously, this assumption is reasonable in Most 
• •• • 

instanoes but when vAl Q are very low VI may significantly exoeed VA. 

Perfusion distribution was assessed in the usual mannel"; eteady state 
• 

perfusion indices (~) vere caloulated for eaoh lung region according to 
• 

eq. III-24. In this series, regional ~ ten:ied to be low. The reasons for 

this are probably twofold.: 1. FRC ws very like1y underestimated in ma.ny cases. 

Plethysmographio lung volumes oammonlY exceed those deterroined by helium dilu-

tion in our la.boratory. 2. Hany patients ware unable to breath-hold the req-

uisite tima and exhaled significant amounts of the injected isotope. This 
• 

woulà have the effectG of preferentia11.y reduoing % in well-ventils.ted :-egions, 

and underestimating interregional differences in perfusion. 

Results of pulmonar,y funotion tests and artel~al gas analysis are shawn 

in Table 18. They are typioal of emphysema. The VC was rGduced in aD. but 

two patients (1 t 17) p FRC vas gens~ increased and ill patients except 

No. 13 (lrlho b.ad undergone pulmonary re.seotion) demonstrated increased RV. 

Mixing was reduced as ws Dr.cO. The l-lMFR wa.s less than 1.0 LI sec. in ail sub­

jeots. Seven patients had normal blood. gases; in the remainder either SaO 
2 

was d€lcreased ( < 94-~) or Paco wa.s increased (? 46 mmHg). For the sake of 
2 

simplioity, pulmoIUL"'"Y funotion tests in 5 selected pa.tients are shawn in Table 18-A. 
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TA.2.LE III - A. P.I:0ULTS OF' ?ULHuNAitY fUI·~CTlul·! TL;·TS Hi 5 p.ATn;l~TS 1,ITE L,aoEY::; 

(1)r8èicted !~rnEl Values in parenthesis) 

Patient Az,e Sex VC J-'?,C 

1 53 

3 67 

36 

le LB 

l:S 

(1) (1) 'T ) \.u c. 
1" 

4.50 37 

L 

0.69 0.70 

(4.01)(4.21) (2.54) (53) (3.53) (2.92) 

b 2.u6 LOl 3.51 24 0.22 0.45 
(3.76)(3.74) (2.47) (LS) (2.66) (1.98) 

F 1.30 4.2r 3.136 39 0.30 0.35 

(3.15)(2.L3) (1.28) (65) (3.43) (2.20) 

(3 ')"\\(') 7' ) \ eL)/,c. \... 

1.1..1 2.C 

( , , l: 7) i 3 i' ') \ \I~ • ..-. \ .• ~c..) 

2.71 35 

2.ot 2~ 
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0.30 c.53 

(2 • C~, ) 

( (, '" , u. \....- ...... ~ 

Dlco 

10.2 lü 

(16. ?) 

47 

(11.3) 

10.4 70 

(lt.9) 

:: .2 

(lô.2~ 

1 , 

! 
1 

1 



JNAitY Y UI·:C TIUl·; TL;·TS 11\ 5 PA. Tllil~TS 1,ITE .G, aJliYSc;,A 

Nornal Values in parenthesis) 

l'u:., l,a·1F~i. FLV 0.75 
c. L/fJec L 1" 

0 37 0.69 0.70 

4) (53) (J.53) (2.92) 

1 24 0.22 0.45 

?) (45) (2.66) (1.90) 

S 39 0.30 0.35 

3) (65 ) ( 3.43) (2.20) 

35 0.30 r\ r: J 
- .,./.J 

) (; C) (2 • C~. ) ( ~ • ~;CJ ) 

2:'- O.2S 0.1.13 

(S 7) ~J.7cl) (ü. /' 

o 

Dlco 
(I1ù/ IPin/ mmHS) 

10.2 

(16.7) 

9.9 

(11.3) 

10.4 

(lt.9 ) 

:: .2 

(J1j .7) 

r c' 
.) . ..-

(lô.2~ 

Pa
C02 

( ,. mnl.H.G 

lü 

47 

70 

3~' 

llt 

Sa02 
t~ 

JO 

94 

8B 

79 

93 

1 , 

1 

1 
~ 
g . 

1 

est 1\ ~xPel 

L/cm.B2O cmP'20/L/S cm.B
2

O 

.25 7.0 -9.0 

« 2.0) «-20 ) 

.12 33.0 -11.0 

(<-- 2 • 0) «-20) 

.36 f. ( 
l? r:; -_ .... 0-,,/ 

«2.0) (,-20 ) 

.L!b 7.3 -7.5 

«2.0 ) (-20 ) 



133 
Resulta of the Xe stMles are presented in Table 19. and five repre-

o sentative patients are presented in Table 19-A. Most patients showed considerable 
• 

interregional variation in ventilation with ten-fold differencel'Z in V/v being 
• • 

not uncommon. However. interregional differences in VA/Q were les~ strild.ng 
• • 

with onily a few patients showing variations in regional VA/Q that exceeded 2:1. 
• • 

Further. rogional V A/Q vere Iow. In the majority of patients only a few ragions 

• • • • 
exhibited VA/Q > 0.5: VA/Q <. 0.10 wre not rare and in no patient vas a 1'8-. , . . 
gional VAÎQ> 1.0 measured. Theae regional VA/Q cannot be entirely representative 

of pulmonary gas exchange in these patienta. as they imply that the overall 

alveolar ventilation was a small fraction of the cardiac output. Minute ven-
• 

tilation was measured during these studies a.n::l values of VE are shawn in Table 20. 

There wa.s no reason to believe that these patients had greatly enlarged 

anatomica.l dead spaces. and the respire.to~ !"ate r8..-TleOO from 15 - 25 breaths/min • 
• 

It is, therefore. most difficult to believe that the figures representing VE 
• 

in Table 20 are consonant with VA which were less than hill the cardiae outputs 

also shawn in Table 20. Reasons for this inconsistanoy will be diseussed • 
• 

In Tables 19 an:i 19-A. both VJV. ealculated from washout after infusion, 
• 

and Vi/V, calculated from washout e.fter rebreathing are sho-Wl'l for each region 
• 

sinee these values frequently did not coincide. VI/V l>m.s less tha.n 80% of 
o 

vilv in 107 of the 199 regions studied; the reverse lias the case in only 7 

ragions. Fig. 55 shows the magnitude of this tendency and indicates that such 

discrepaneies in regional washout were foun:i both in relatively 'W'"'611 ventilated 
• 

(Vp/V> 1 .. 0 L/nrin/L) and in relatively badl.'V ventila.tad regions" Though the 
• • 

terxiency for vpiV <. Vi/V is clear wnen the series is considered as a wole, 

the prevalence of 'W'S.Shout discrepancies varied considerably from patient to 

patient. Most subjects demonstrated sœne ragions in vrlrlch V.;v -< Vi/V a.n::i 
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• TABLE 20. CARDIAC OUTPUT, V.tillTILATION Al'ID VXe IN PATIENTS 

WITH EMPHYSEHA 

Patient No. Cardiac Output Ventilation VXe/lnfuaion rate 
(L/min) (L/min) (%) 

1 5.50 9.50 91 

2 7.15 7.70 88 

3 7.73 7.72 70 

4 9.83 9.73 97 

5 8.13 10.70 72 

6 10.86 5.40 77 

7 5.45 7.45 64 

8 6.18 7.00 75 

9 7.20 9.25 

10 4.67 6.75 92 

11 7.90 8.40 92 

12 5.02 7.70 86 

15 4.60 6.50 95 

14 6.10 6.97 74 

15 8.55 7·50 85 

16 4.12 9.15 104 

17 5.47 5.72 97 

18 5.96 5.68 36 

19 6.85 5·50 84 

20 6.02 5.60 81 
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Fig. 55. Camparison of \'lashouts of inspired and infused 133Xe in patients 

.... ith emphysena. Orùinate: ventilation computed fram 'l'l8.shout after infusion. 

Abscissa: ventilation computed from washout after rebreathing. Each 

point represents a 1~~ region. 
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• • • • 
others in which Vr/V = Vi/V. In soma patients Vr/V < Vi/V in &il lung regions 

o though minute ventilation was constant throughout the experiment, aJXl final.ly 

in a few patients ~Iv did not significantly exceed ~r/V in &DY llll'lg region • 
• 

Two lung ragions in the series exhibited Vi/V> 2.00 L/min/L, aM regions 
• 

witb Vi/V ra.nginz fran 1.00 L/min/L to 2.00 L/min/L vere not uncommon. Though 

sucb values are ordins.r1ly compatible with normal ragional function, it C&mlot 

he concluded that these regions were in fact normal. AU subjects had regions 

wi th grossly prolonged. waehout am in most instances such ragions consti tuted 

the ma.jorlty. Whûn an ~ûrWült fraction of the lung i8 unierventilated, struc-

tura1.1y nomal ragions would he expected to demonstrate an increased as opposed 

to a nonnal ventilation. The absence from this series of any lung ragions with 
• • 

truly high Vi/V or vr/v indicated, then, that a.ll lung ragions were diseased 

or at least had reduced ventilatory capa.cities. 

The failure to demonstrate ragions with rapid washout cannot, however, 

be interpreted as indicating the absence of sucb uni ts from the emphysematous 

lung. Irrleed, the presence of units with very high ventil.a.tion par unit volume 

haB been rapaatedly demonstrated in patients with emphysema (38 ,42); the present 

failure to demonstrate such uni ts is analogous to the failure to demonstrate . . 
units with high V A/Q• 

In general, the regional perfusion distribution was similar to that of 
• 

ragional ventilation: in a given patient the ragions ;d'th the highest Vi/V 
• • • 

h&d a. high ~t an:l the ragions with the lowest Vi/V or vplv teDied to have a 
• • 

low ~. Measurements of ~ were available in 18 patients in this series; in 
• • 

14 of these there was a significant correlation between ~ and both vp/v ani . 
Vi/V. In two other patients these correlations were suggested; in one both 
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correlatiOllS barely missed signif'icance and. the other exhibited a sign1fioant 

•• •• 
oorrelation between ~ am Vi/V but not between ~ am VP/V. Patients 4 am 

19 were quite distinctive in that their regional perfusion distribution appeared 

to be tota.1ly ilxieperdent of regiona.l ventilation distribution. 
133 

Correlation between Xe results am the results of other pulmonary 
133 

function tests was poor. Ovar&ll assessment of Xe results in each patient 

wu attempted in two ways: 1. regional values were averaged. yielding mean 
•• • • 
vplv. Vi/V and mean VA/Q for each patient. &rd 2. using statistical technique. 

•• •• 
the staniard dena:~ion of the meaD region&J. vpiv. ViÎV ani V AiQ vas caloulated 

for each patient. The former approach was thought to produce inüces of the 

overall functional level of the patient. the latter to give indices of the amount 

of interregional variation of function in each patiento Patients with abnormal 
• 

&rterial saturations (Sa
Û2 

<; 94) had significantly lOM."9r mean vplv (p <".01) 
• • 

am lower mean vj Q (p < .01) than did those patients wi th normal SaÛ2. Simi-

larly, patients with elevated Pac0
2 

(> 46 mmHg) had significantly lower mean . . . 
Vp/V CP ~ .02) and lowr mean YAfo. (P < .01) than did patients with normal Pac02 • 

• 
No correlation could be establ1shed between other function tests and mean Vi/V, 

• • • 
mean Vp/V or maan VA/O.. When each patientfs overall lung function tests n-ere 

compared to his regional variation of funO'tion (standard deviation), on1y one . . 
significant correlation emerged, tha.t between regional variation in vA/o. aM. 

Dr..co expressed as percent of predicted (Fig. 56). 

As noted previously(118)several geographic patterns of disease were en-

countered. The most common of these consisted of a steady decrease in ventila-
•• • 

tion, V A/Q an:i ~ from apex to base which was often fairly symmetrical from side 

to side. These patients, in ganeru, teooed to have the greatest regional dif-

ferences in washout and blood nov. The reverse pattern, that of better function 
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Fig. 56. Correlation bet"deOn diffusing capacity Cllld inter-regional var-

iation in VA/O.. Ordim.te: diff'uaing capacity expressed as a per cent 

of predicted norm:::..l. Abscissa: :3tanCih.rd deviation of meo.n regional 

V;/Q. Each poL'1t reprosents one patient. The open circle represents 

patient 13, "\·,ho J1.E'.G. t.Uluer,;one lobectony before these studies. 
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at the apices than at the bases. vas seen Iess often. am vas usually associ-

ated with leSB dramatic interregional differences in funotion. Four patients 

(No, 3. 6, 12. 18) showed distinct lateralization of disease. in that the best 

ventilated region in one Iung washEid out no more quickly than the vorst venti-

lated region of the other. Ther& were, of course. a number of patients who 

showed more than one of the above patterns or who conformed. to none of them. 

The patients who form the subjeet of this study were selected 50 as to 

ensure the highest probability that their Iungs vere affeeted by morphological 

pulmonar.v e~vsema. The criteria were two: 1. pulmOllllry ftl,..~tioll tests which 

were thought typical of the clisease, aM 2. a period of clinical observation, 

either inside or outside the hospita1, long enough to oonvince observera that 

the patient vas clinioaJ.4r stable. It is not surprising then, that pulmonary 

function as routinely assessed (Table 18) liaS grossly abno:rms.1 in a wa:y typical 

of emphysema. No attempt was made to specifically include patients 'With chromc 

bronchitis, but almost all the patients gave a history of chronic productive 

cough. If patients with cough ani sputum had been excluded, compiling a series 

of even the present size would have ooen most difficvlt. These results, then, 

must he interpreted as reflecting a combination of J~e effects of chronic 

bronchi tis and of emphysema. 

Tho above problem is not greatly clarified by comparing these results 

with those of patients with chronic bronchitis only. Bronchitics demonstrated 
• • 

regions wi th prolonged washout, low vAl Q am reduced perfusion; the washout 
133 

of inhaled Xe was often faster than that of infused isotope. These are 

the major findings of the present study, but they all are much more striking 

in these patients 'With emphysema. The pure bronchitics did not demonstrate 
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• • 

regional variations in ventilation V A/Q or perfusion as large as those shawn 
• • 

in Table/'. Neither regional ventilation nor VA./Q approached the very low 

values commonly seen in emphysema. and in bronchi tis relati ve~ well ventilated. 

regions washed out much more quic~ tban did the best ventilated regions of 

patients with emphysema. Washout discrepancies were evident only in relative~ 

poor~ ventilated regions in bronchitis, whereas in these patients with emphy­

sema washout disorepancies were noted bath in relati vel,y well ventilated sni 

in relative~ ba~ ventilated regions.. The differences. then were quantita­

tive nct qualitative. Overall pulmonary function differed greatly hetween the 

two series with the emphysema patients be1ng much the vorst. Thus, though the 

differences between the two series might he ascribed to the presence of emphy-

sema in one, they are equa~ explainable on the hasis of different degrees 

of the sarna disease process. 

In view of the severi ty of the impairment of pulmonary function shawn 

by these patients, it was not surprising that their regional function as assessed 
133 133 

by Xe was uniformly bad. Xe washouts were very prolonged, and regional 
• • 
VA,/Q often attained extremely 100 levels. There was alse much greater inter-

regional variation of function than bas been noted in ether disease. 

How-ever, no units with either higb ventilation par unit volume or high 
• • 
VA,/Q ~i6re demonstrated in these studies though such ur.its must have ensted 

in these patients. The methods used are not illtrinsically unable to discern 
• • 

well ventilated higb V A/Q regions; such regions were demonstrated both in 

normal subjects and in patients with pulmonary embolisme As discussed abOYer 

errors arising from the application of these techniques to patients with 

bronchitis and emphysema tend to cause overestimation not underestimation of 

•• • 
Vi/V' Vp/V and vA/Q. 
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In order for the data of Tables 19 and 19-A to be taken literally, it 

is first necessar,y to assume that each region is homogeneous or near~ so as 

regards function. If all units in any region behaved in the saroe wa:y, then 

these.studies would produce quantitatively accurate information regarding the 

region. If, hovrever, the region consisted of tlro or more subregions "dth dif-. . . .. . 
fering ventilation, perfusion, and VA/Q, then regional VA/Q, vpfv a.rrl Vi/V 

were mean values and may not have accurately reflected the function of any 

single unit within the region and ~~e problem of intraregional inhomogeneity 

of function .dll be reviewed again. 

The basic measurements made in these studies were those of regional count 

rate & Sincp. regional count rates represent the amount (concentration x volume) 

of isotope present, mean values derived from a non-homogeneous region were 

.reighted according to the relative volume of the region's functional components. 

The problem of intraregional inhonogeneity is so~~what more complex than is . .. . 
implied above in the case of regional VA/O., vp/v and Ili/v. A non-homogeneous . . 
region does not produce vAl Q, V pfV, V i/v llhich are simple volume Heighted mea..'1S 

of i ts component paris. This is illustrated by Table 21 in .vincn are sher.·m . . . 
the VA/Q, vp/v and 'li/v for hypothetical lung regions composed of two subregions 

.nth Ya~ving ventilation, VA/Q and volurr.e. Subregional perfusion per unit vol-. . 
ume has been he1d constant. Regional V A/Q are 101'7, considerably 101·~er than the 

volun:e-Heighted rr..ean of the vAl Q :?resent in the tuo subregio:r.s. In the p!'8sence . . . 
of intraregiona1 differences in vA/Q, regio:r>..a1 "'A/o. is heavi1y biased in favor . . . 
of the 10"i if AI 0. subregions. It is possible for a reGion uith lOï·r VAl Q to con-

tain a ver:J significant nw.8er of uni ts ~.r.i th high '.rA/o. because the Lleasurer:.ent 

of regional V/Q is ::meh r:-,ore sensitive to subregions ~d.th lcr.·i 'IA/Q than to 

c· 
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1'.4.BLE 21 - l·Bi 1: REGION.lŒ FUNCTIO!~ OF HYPOTHEl'ICAL P.EGIOl{3 
l·iADE UP OF T\:O SUDREGION3 (X'p-1Il y) EITH VARYING V AIl;. 

VENTILATION (V IV) Aiill VOLillŒ 

• " 
REGION , SUB~GI~N X, SUBJŒGIOn y 

VA/Q vpIV vrJV Vx/Vr'>'r V Ajr~ V IV VY/Vr~< vA/Q vjv 

.38 .45 0.85 0.50 1.00 1.40 0.50 0.20 0.28 

.38 .23 1.87 0.50 2.50 3.50 0.50 0.14 0.20 

.38 .35 1.07 0.33 2.50 3.50 O.b? 0.23 0.32 

.38 .48 0.67 0.33 1.00 1.uO 0.67 0.27 0.38 

.38 .43 0.71 0.20 2.S0 3.50 o.Do 0.29 0.41 

Subregion X or Y 
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• • 
subregions vith high VA/Q. Briefly, this effect is due to the relatively small 

133 133 
solubility of Xe. Because of the low solubility of Xe, units with low 

• • 133 
V A/Q attain very high concentrations during Xe infusion and do not attain 

very low concentrations during rebreatbing. If a very soluble gas vere used 

• • • • 
as a tracer regional VA/Q would he influenced more by high VA/Q units than low 

ones. 
• • 

A second characteristic of the ragions shawn in Table 21 1s that V-/V<Vi/V. 

Umer the circumstances shawn, i.e., regions containing units with high ventila-

• • • • 
tion am VA/Q ELnd other units with low ventilation and VA/Q, such washout dis-

crepancies must always develop, as discussed in the pravioua section. Regions 

. . 
in lolhich vplV ...:: vi/v wera commonly observed in these patients, giving direct 

evidence for the type of intraregional inhomogeneity of function illustrated 

in Table 21. 

Another approach to the problem of intraregional inhomogeneity is afforded 

133 
by the measu-'l"ements 'Vre made of arterial Xe during the rebreathing am in-

133 
fusion procedures. Arterial Xe concentrations can he computed, or predicted, 

• • 133 
on the basis of regional VA/Q values. Axterial Xe concentrations during 

both rebreathing and infusion were predicted qy calculating tlle regional blood 

• • 
concentrations according to regional VA/Q and by weighting the concentrations 

• 
acco!'è.ing to the regional Qi. Regional voluroos were thus considered equal in 

each patient. Some of the results of these computations are presented in Table 

133 
22, :llong id th measured arlerial Xe va.lues. Similar figures deri ved from 

133 
three subjects with normal Xe studies are included for comparison. These 

5how good agreement between predicted and measured values. 

Predicted CSp was consistantly higher than measured in the pa.tients with 

emphysema.. Therefüre t the arterial blood of these patients contained contributions 
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TABLE 22 - GOHPARISQ!I! OF liEASURED MiD PREDICTED 
131 

Arteriel Xe Concentrations 

. . 
l~~SURS.D PRE.DIGTED ~IGij VA/Q COl:PARTMENT ,., 

Ca ·+ Ga Gai VA/Q ~:; ~Tu vap* ~ p 

.035 .038 .046 .oh3 

.046 .033 .056 .029 2.27 24 

.034 .032 .106 .07h L.07 22 

.031 .OL2 .032 .0Lü 

.05L .057 .055 .060 

.049 .071 .OL7 .071 

133 
ârt eriEÙ ~:c ccncentrë tian èur:l.:1-:; iniûs ion 

133 
:~e concen.tr.::.tion èuri:'1.~ rebreatrJ.n~ (;nc/io) 

- 5~ a: carèiac 2:'8cei vsè k,', tLis 
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from units which did not have regional representationi these units must have 
133 • • 

had low Xe concentrations, am, therefore, high VA/Q. Differences betveen 
133 

pred1cted and measured arteria1 Xe concentrations during rebreathing vere 

in gener&l small aM did not show a oonsistent pattern. Measured C&t was 

higher than that predioted in 6 patients, lower than that predicted in 3 pa-
• • 

tients an:l the two values vere equal in one patient. If high VA/Q units with-
133 

out regional representation influenced arlerial Xe levels during l'ebreathing, 

predicted C&t should have been consistently lowar than measured. In ether 

words, the relationsbip of measured am pred1cted C~ was not alvays consistent 

with the relationship between nleasured and pred1cted C~. This is probably 
• • • • 

because F~ is less sensitive to VA/Q than is F~, so high VA/Q units would 

have a smaller effect on C~ than Cap' an:l errors of measuremant of arterial 
133 • • 

Xe concentrations would have greater significance in terms of VA/Q in the 

case of C&j. than in the case of C~. 

Assuming that the discrepancies between predicted an:i measu.:red arterial 

133 • • 
Xe levels were due to unapp:reciated or llmissed" ur.dts '\.rl.th high V A/Q, a 

model was constructed to characterize these units further. The lung was divided 

into t'Wo hypothetical compartments. The first compartment was represemed 

by the :regional data of Table 19; the blood drainLl'lg this compartment had 
133 

Xe concentrations equal to those predicted in Table 22. The other, llhigh 
• • 
VA/QI! compa.rtment supplied blood vrldch, when nrl.xed with that from the first 

133 
compartment in the proper proportions, produced the measured arterial Xe 

levels. When data from both rebreathing and infusion were used, it became 

t.~eoretically possible to calcule.te both the amount of blood flow through the 
• • 133 • • 

hig..ll VA/Q compartment and its Xe concentration. From the latter, the VA/Q 
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of this oompartment was oomputed. In four of the ten patients in whom arterial 

133 
Xe ooncentrations were available. rational solutions were possible. These 

• • 
four demonstrated "missedfl oomps.rtments with VA/Q ranging from 1.65 to 4.07. 

which reoeived 13 to 32 par oent of the oardiac output. Characteristios of 

• • 
this "high VA./Q oompartment:i of patients 3 am. 6 are shown in Table 22. 

• • 
It is most unlikely. however. that as assumed above) high VA/Q units were 

actually "missedll • The counter system employed in these studies oovered vir-

tually the entire lW1g field of each patient. As disoussed earller. the ra-

• • 
gional. VA./Q measured in these patients vere compatible with the existance of 

• • 
sizable subregions with high VA./Q. These subregions were net then missed. 

However, if lung ragions conformed to the modols shown in Table 21 t there would. 

133 
he no differenoe between predicted an! measured arterial Xe levals. This 

is because the subregions of Table 21 ware a.ssumed to have uniform perfusion 

par unit volume. Under these circumstances. volume weighted mean alveolar con-

centraticns must be the sa.me as perfusion weighted mean arterial concentrations. 

The fact that measured arterial concentrations differed fram those predicted 

on a regional basis. therefore t indicated that perfusion prJr unit volume must 

have differed within single lung ragions t and the fact that the measured arlerial 

133 • • 
Xe consistently raflected high V A/Q units shO',,"ed that these subregions were 

• • 
over-perfused in relation to low VA/Q subragions. . . 

In summa.ry. th&se data revealed evidence for va.riation of VA/Q, ventilation 

par unit volume t am perfusion per unit VOlUIOO within single lung ragions. In 

a lung in which there a.re functional differences wi thin single ragions, measured 

functional differenoes between ragions necessarily represent the minimum dif-

ferences which could exil5t throughout the lung. Some of the examples shown in 
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• •• • 
Table 21 have regional VA/Q, Vp/V aM vi/v siJailar to those or Tables 19 and 

19-A; the component subregions of Table 21 have strikingly different ventila-
• • 

tion and VA/Q. Thus, it wu very l1lœly that in the majority of patients t'une-

tiona1 differences within single regions vere J!Dlch greater than region-to­

region variation of flInct1on. 
• • 

In l1ght of the above, variations of ventilation and vA/Q with1n ragions 

were probably the most important determinants of sucb overall tests of fUnct10n 

as the arter1al blood gases t the Dr.co' and the mixing efficienoy. It vas of 
• • 

interast that the interregional variation of VA/Q (expressed as the sta.ncl&rd 
• • 

deviation of the mean vAl Q) in each patient correlated vith that patient' s 

steady state I\cO. Though this might he interprated as indicating that the 
• • Dreo was determined by vA/o. discrepancies of a regional nature. it i5 more 

• • 
probable that the amount of regionaJ. variation in vA/Q was indicative of the 

• • 
amount of intraregional VA/Q dispersion. It would seem lilœly that subjects 

• • 
with relatively large variations of V A/Q from region ta ragian would have rela.-

• • 
tively large int.raregional variation of V A/Q, which would depress the steady 

133 
sta.te DreO. Variations in Xe washout fram ragian ta reglon did not correlate 

with inert gas washil'l, as detected by the mirl.ng index. In an attempt to 

assess intraregiona.1 variations of ventilation. advantage ws taken of dif-. " 
ferences between v.;v ani Vi/V which. in part. reflect intraregional ventila.-

• • 
tory differences. The ratio of "plV to Vi/V "as taken in ea.ch lung ragion 

and. in the case of each patient, the variance of this ratio from an ideal 

ratio of unit Y wa.s ca.1culo.ted. The resulting sUuxiard deviation might be an 

approrlma.te 1n:iex of the degree of intraragior.al inhomogeneity present in each 

patient. Somewha.t to our surprise, this iIxiex correlated significafitly vith 
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the m:i:x1ng efficiency (Fig. 57). supporting the argument that the sp"ed of 

o inert gas wuhin wu depenient on the dispersion of ventilatory funotion single 

regions. 

Regional perfusion bas been shawn to exhibi t an approx1mate correlation 

vith regional ventilation both in other l'ong diseues am in a previous study 

of empbysema (118). This tendency vas obvious in the present series. Regional 

alveolar hypoxia ha.s been proposed as a meohanism causing hypoperfusion in 

poorly ventilited lung regions. This might be important in determining regional 

perfusion distribution in emphysema. sinoe regions with prolonged washout 
• • 

genera1l.y exhibited relatively low VA/Q, and, there:f'ore, had relatively low 

mean cnygen tensions. On the other band) emphysema destroys the lung parenchyma., 

inoluding the pulmonary miorooirculation; the regional distributions of bath 

ventilation and perfusion might simply refieot the distribution and ment of 

parenohymal destruotion. In regard to these bypotheses, patients 4 and 19. who 

demonstrated no relationship between perfusion distribution and ventilation 

distribution, are of particular interest. If regional alveolar hypoxia were 

an important determinnnt of pulmonary blood. fiow distribution in most patients 

vith emphysema, it would appear that this adaptive mechrJllism did not exist in 

these patients. It has been postulated. that some norma..l subjects do not respond 

to alveolar hyporla with pulmonary vasoconstriction(21). Alte:r'Datively, if 

fiow distribution in emphysema ware usually determined by the amount of vascu-

lar destruction present in various lung ragions, dissociation of the distribu-

tions of ventilation &Di perfusion might indicate that the ssverity of vascular 

disease ws indeperrlent of the severity of lesions involving the ramainder of 

the lung pa.renchyma.. Before appl,ying either of the above bypotheses to p2.tients 
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FiG. 57. RelationRhip of mi:dn; efficiéncy Hith o.n index of :L."'ltraregional 

varin.tian of ventilation in patients Hith enphysema. Ordinate: intra-

regional variation of ventilation. This 1'T00s derived by tal:ing the 

variance of the ratio of V';V ta Vs/V frœ:n an ideal value of unity. 

Ascissas ~ixin; efficiency expressed o.s 0. per cent of the predicted 

no:rmal value. :sach point represents 0. pc.tient. 
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4 and 19. however. it should he noted that these patients exhibited 18S8 inter­

regional variation in ventilation than d1d aost (but not aU) of the 8ubjects 

in whom th1s correlation was si~f1cant. 

FiDa1l.y. the dominant result of these studies was the finding that, though 
• • 

regional ventilation am VA/Q were very low. l-rell-ventilated, well-perfused 
• • 

high V A/Q subregions erlsted in the lungs of these patients. The volume of 

these units within arry ragion could not he accurately assessed, but it may he 

argued that such units very seldom aceounted for as mueh as half a lung reglon. 

Rad this been the case, such regions would probably have demonstrated rather 
• 

high Vi/V sinee this regional vashout is importantly influenoed by suoh unite 

(Table 21). Sinee intra-regiona.l inhomogeneities vere widespread am. sinee 
• • 

high VA/Q units did not domitlate a:rry lung region, they vere probably seattered 

throughout the lung. 
• • 

This i8 consistent with the hypothesis that high VA/Q units are norœl 

lung lobules arranged in parallel with diseased lung. On the other band. it 
• • 

is perhaps more attractive to postulate that ma.ny high VA/Q units are arranged 
• • 

in series with their low VA/Q counterparts. The proximal or central portions 
• • 

of diseased lung lobules might constitute the high VA/o. compartment; only the 

proximal portion of the lobule would be ventilated by a mass flou of inspired 

gas (120,121) • The distal portion of the lobule would be llventilated" by 

gaseous diffusion or by collateral ventilation from ether lobules. Because 

of the large size of the emphysematous lobule, these precesses could well be 

inefficient .i"ith the result that the larger distal portions of the lobule would 
• • 

be under-ventilated and have low VA/O.. 
133 

In a:rry event, when studied with Xe, these patients appeared to have 

diffuse pulmonary dysfunction. These results do not indicate that surgical 
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obliteration or extirpation of lung regions vould greatly help the patient vith 

o emphysema. and chronic bronchitis. It would he diffictù.t to select on the basis 

of the data of Table 19 lung regions which, if excised. would result in marked 

improvemelIt of pulmonary gas exchange. Our experience vith the surgical therapy 

of empbyselll& bas supported this in that there bas been little objective ev1O.ence 

for improvement after regional surgery. It should be noted, however, that 
133 

Xe may not be the best isotope to use in pre-operative evaluation. If an 

important aspect of this evaluation ia the identification and location ot high 
• • 
VA/Q unite, then a more sol\lble isotope should be used.. 

In summary. study of 20 patients vith severe em:physema am. bronchitis re-

vealed striking ventilatory abnormali ties in almost aU lung ragions. coupled 
• • 

vith low regional VA/Q; no lung regions were seen Wich could be called normal. 

Though no regions wi th high ventilation and ventilation-perfusion ratios were 

demonstrated. analysis of regional washout curves revealed that units with 

these characteristics must have been scattered throughout the lung. Analysis 
133 

of arterial Xe concentrations sh~~ that there also must have been dif-

ferences in perfusion ~1.thin single lung regions with over-ventilated high 

yentile.tion-perfusion ratio subregions being over-perfused. The 10'"1'1 solu-
133 

bility of Xe makes detection of units with high ventilation-perfusion ratios 

difficult when this isotope is used. Regional perfusion distribution was 

usually but not always similar to regional ventilation distribution. Soma 

gross correlations were evident between regional and overall fonction tests; 

these. how-ever. were not very impressive. 
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APPENDIX. RADIATION DOSE CALClLATI01TS 

The author is not a physicist, a radiation biologist, or even a very 

good mathematician. Because of thie our approach to the ccmputation of 

radiation dosage has been governed by t'vIO principles: first, dose calcu-

lations muet be simple, and second, they must tend to overestimate the 

dose ,F.;iven. The present treatment ie derived tram that of Rine and BrO\mel[;22) 

and though simple, ie probably not as rigorous as the schemata of Lasse~25) 
or Matthews et al~124) 

Radiation dosage obviously depends on the isotope used, the amount of 

it adminietered, and ite distribution in the body. We consider l53xe to 

be dietributed to two compartments, the lUDE and the rest of the body, and 

doees are calc1.Ùated for these compartments, each of \·;hich are assumed to 

be homogenous. This is justifiable in the lungs of normals, since pro-

cedures such as rebreathing contribute lliost of the dosej in abnormals a 

cU2ntitative treatment of intrap1.Ùmona~r inhamogeneities for dose purposes 

is prone to Gross aY1d incalc1.Ùable error. The assumption that the body is 

hOl:lo[;enous resul ts i..'1 overestin2.tion of the dose to most tissues, but 

UYlècrcst:ir:z.tion of the dOSE: to fat; ,·;l:ere 1.55xe accumula tes. SucL an ap-

pro2.ch :::...lso ibnores tl,e dose contributer~ to the bOclY b:r [2-r::::;:J.. radiation 

frŒ::: isotope in th:: lL~nG' but this contribution is not large, partic-

ularl:." ,·;}:en one cor..siders orSE,ns SOEe distance from the lungs su ch as 

It i8 assc;::;::ed t}~at 1:~Xe i3 d.istributed bet·\·:ecn tre gas and 

blood phases in ttc llill[ accorèin[ to its solubilit,r (0<:: 0.18 cl Xe/r!ü 

blood/atmosrtere at ;.::0 c (5è). ',.,'e :nave aIse assu:::ed tr-...at w1:ile l):;Xe 

i5 beirl[ adr::inistered, there is or~y acctmwaticn 0:'" isotope ir" the boèv, 

Le. no isotope lee.vEs peripJ-.eral tissue anà recirculates until l:;/xe 

c:..è.r:ir,istr::;.t:'or. ceases. -=:1:is, of course, results 1.'1 overestination 0:' 

cod:" dose. Furti'.er, \·;e ~..ave assLZ..:eè tl-..at 155Xe :t;ilè ue: te fir.z.l con-
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centration is virtually instantaneous in both body and lune. \'Ihile this 

assumption does not influence body dose signiricantIy, it does result in 

l'À overestimatiGn of lung dose. ln normal subjects, the average /Xe mol-
(J"r) 

ecule in the body campartment takes 4, minutes to leave the body; thie 

is the effective half lire ( Teff ) of the isotope in the body, and pro-

bably this figure is net influenced b~r the presence of lung disease. 

The effective half lire of isotope in the normal lung approximates one min-

ute, in abnormals Teff is longer, perhaps 5 minutes. 

Constants used in l,5Xe dose calculations are listed below. These 

have not been defined, other than in terms of their dimensions; their 

derivation may be found in any standard tex.f~22) 
Ee -= Average ene:cgy in l'lev of ~ particles 

-E - 0 1°8 " (124) cS -. c... 1,.e~ 

!' = Garnrna ray dose constant in C!212_ rad/mc- r 

f' -::: 0.556 

g =. Geometricd factor for lung and body ''ihich cal cula tes 

gamr;;a dose to center of sphere of radius 10c!21. 

g::'10~124) 
122 

Equations used in dose calculations are presented belo\\': 

3eta dose (D~) -
D(3 -:. 55.5 E~ c t 

i6 tl,e ffieanft particle ene~'g:r, C is isotope concentration 

:œ.rad 

-,(nere E~ 

in )lc/[;;2. of tissue, :::"l,d t i6 ti!::::e in !:'.inutes. This eouation is 

use cl \'I1:en C i8 not cÏlSll: ing. 

DI3 -:: 51. 2 EfJ Co Teff 

where ~ef: is t:œ effective r..s.lf l ire of the isotoJ:e in the tis-
,::::::: 

S'Lle ccnsidereè.. 11:is is usee after -//Xe ad=.inistre.tion r..3.s 

stcrped anè. concentra":.:'..or. i6 :'aL:,ir->: rrcD tea.k level Co. 
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G8.I!lIIla dose (D r ) 

-2 l' D d -= 1.67 x 10 p g 0 t mrad 

\'ihere p is density, l' is the ,r:amma dose rate constant, g is 

the geometry factor, and t ia time in minutes. This equation 

is used when concentration, C, is unchanging. 

-2 /1 
D ct -: 1.67 x 10 p ~ - g 00 Teff 

where symbols are as abovej this equation ie used during wash-

out from peak concentration Co. 

Using these equations '\'le have calculated the radiation dose to a nor­

mal man who received a 2mc slug injection of l))Xe, a 5 minute infusion at 

a rate of 2 mc/min and a 5 minute rebreathing period with a fire.l pul-

l") 
monary / Xe concentration of 0.)5 mc/liter. The subject was assumed to 

''feigh 70 kg and to have an FRO of ).5 liters, a cardiac output of 7 L/min, 

a lunE:; l'leight of lOOOgm and a lUl1[; density of O.) g;:n/cc. The overall 

(mean) V A/ô' .... as 0.8, and 2% of the rir;ht heart output \,{as assu:ned to be 

shu."1ted through the lungs tO the body. The Teff for the lung i'{8.6 l min, 

and for the body Has 45 min. 

LunE: dose Body dose 
(mill iraè.s) (mill irads) 

i.v. ::l 1..([; 15.6 1.6 

Tebrea thill~ 54.5 10.1 

infusion 56.6 12.4 

S:i.r:lilar calculations i':ere carrjed Oüt in a hyPothetical abnormal. 

Conditions i·;ere the ss.r:::e except t};.at le ::lin periode of i.n.::'usion and re-

breathinf were used anè. tr.e infusion rate · ... "2.S lOirer - 1.5 mc/min. In 

addition, overall ~y~./~ ,.;8.S c.4 and the Teff of 15SXe in the lun~- was 
1". 

5 mi.."1. 
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L'lIDg dose Body dose 
(mill irads) (millirads) 

i.v. slug 70.8 1.6 

rebreathing 105.8 16.5 

inf'usion. 109.4 18.8 

It can be seen that the 1 ung dose has been conaiderably increased'. 

Though it i6 conceivable t~~t sorne patients with very baè function re-

ceived even higher doses, it i6 most unlikely that the total dose to the 

lung ~xceeded 500 mrad, or that total dose to the body exceeded 60 mrad. 
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BMPHYS,BMA . AND,' BaoNÇHITIS.'· .' ", 
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Patf..ent AgeSex VC 
(L) 
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(L) 

RV 
(L) 

ME MMFR ' FBV 
(%.) ,,(L/sec) (L) • 75 

1 53 M 3.08 5.44 4.50 
(4.81) t4.21) (2.54) 
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(16.7) 
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11 
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(53) (3.53) (2.92) 
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(4.01) (3.63) (2.23) (52) (3.22) 

67 M 2.06 4.01 3.51 24 0.22 
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(3.15) (2.43) (1.28) (65) (3.43) 

65 M 2.21 3.15 2.73 35 0.40 
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(4.06) (3.74) (2.32) (50) (3.07) 

1.15 
(2.58) 
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( <2.0) 

7.3 
« 2.0) 

8.5 
1 <2.0) 
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37 
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25 

0.21 
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66 

0.19 
0.25 

0.28 
42 

0.65 
0.59 
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10 
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26 
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0.29 
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23 

0.23 
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22 
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39 
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48 
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8 

0.02 
0.04 

0.37 
34 
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O.ll . ICJ2!A 



?p/V 0.91 0.81 0.50 0.20 0.19 0.07 0.03 0.03 0.02 0.02 
Vi/V 1.47 1.13 0.93 0.62 0.25 0.15 0.09 0.07 0.04 0.04 

13 YA/o' 0.56 0.48 0.61 0.60 0.63 0.56 0.45 0.45 0.46 0.37 
Qi 116 113 46 58 38 108 87 39 26 34 
~p/V 1.39 1.31 0.67 0.53 0.50 1.13 0.59 0.20 0.09 0.06 
Vi/V 1.58 1.77 1.47 1.14 0.59 1.42 1.11 0.35 0.19 O.ll ---_. ---------_. 

14 YA/~ 0045 0049 0037 0037 0 0 37 0 0 45 0 0 67 0.54 0.41 0.43 
Qi 
V Iv 0085 0 0 85 0 0 48 0 0 31 0.54 0 0 67 0.83 0.48 0 0 38 0.32 
Vi/V 0.95 0.89 0 0 53 0.42 0.48 0.56 0.93 0.48 0.38 0.40 

L5 YA/O. 0.33 0.32 0.32 0.32 0.27 0.38 0.30 0.30 0.19 0.25 
Qi 38 56 77 98 81 59 83 105 83 61 
~p/V 0.27 0.32 0.42 0.67 0.67 0.48 0.54 0.42 0.37 0.29 
Vi/V 0.28 0.30 0.32 0.55 0.51 0.48 0.54 0.67 0.37 0.28 

16 YA/O. 0.87 0.90 0.81 0.95 0.83 0.78 0.82 0.73 0.58 0.60 
Qi 73 86 63 44 33 97 96 74 44 53 
Vp/V 1.33 1.07 0.62 0.61 0.48 1.25 0.91 O~67 0.37 0.31 
Vi/V 1.50 1.22 0.83 0.75 0.45 1.58 1.62 0.86 0.39 0.41 

17 VA/o' 0.66 0.72 0.60 0.92 0.83 0.51 0.72 0.58 0.70 0.60 
~i 43 65 82 44 32 68 86 94 68 38 
Vp/V 0.25 0.38 0.33 0.36 0.25 0.39 0.58 0.40 0.38 0.19 
Vi/V 0.24 0.32 0.30 0.49 0.40 0.29 0.64 0.48 0.45 0.26 

18 ~A/Q 0.70 0.70 0.58 0.56 0.64 0.71 0.65 Oa66 0.59 0.57 
Qi 47 57 61 51 40 70 89 83 78 53 
yp/V 0.59 0.58 0.45 0.45 0.44 0.92 1.18 0.89 0.61 0.62 
Vi/V 0.55 0.64 0.58 0.45 0.37 0.91 1.ll 0.91 0.54 0.53 

19 VA/Q 0.31 0.38 0.A3 0.54 0.56 0.20 0.36 0.38 0.39 0.47 
• 69 63 52 70 40 73 90 63 Qi 63 75 
Vp/V 0.39 0.50 0.40 0.81 0.67 0.48 0.44 0.41 0.54 0.81 
~i/V 0.52 0.94 0.94 1.18 0.95 0.55 0.78 0.57 0.65 1.11 

20 VA/Ô. 0.41 0.34 0.,44 0.65 0.61 0.47 0.38 0.37 0.57 0.48 
Qi 
Vp/V 0.47 0.30 0 .. 50 1.07 0.68 0.39 0.26 0.33 0.82 0.61 
~i/V 0.60 0.50 0~56 1.33 1.30 0.75 0.37 0.38 0.75 0.99 


