
CARBON DIOXIDE ACCUMULATION VALVE LEAKS AND 
INADEQUATE ABSORFI]ON 1,~ 
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In the types of breathing caremts commonly used m general anaesthesm, valves 
are utihzed to provade either umdareclaonaI gas flow or a pressure release (pop- 
off) In the dosed circle, sahsfactory ftmetion ts dependent upon the integrity of 
the valves, the occurrence of a defect allows reflux and an oppor~mty for re- 
breathing In prachee, two types of valve are m use to prowde the Unlchreetaonal 
flow m the dosed ctrele, the grawty-retumed r, gld chsc and the rubber or plastac 
mushroom The former type has been observed to become fixed m the open 
position during use, although more common at the expiatory valve, where con- 
densalaon of water vapour from the patient's exhaled gases occurs, shckmg has 
also been noted at the msptratory sxde The mushroom type of valve may become 
"fluted," whereto one segment of the valve prob'udes through the supporting grad 
and ~s retained thereby, such an occurrence is usually the result of exposure to 
elevdted back pressures as occurs when one forcibly breathes against a smgle 
valve 

It ~s primarily vnth the effect of leaks m these valves, expressed in terms of 
carbon daoxlde rebreathed, that ~h~s presentatton ~s concerned However, as 
adequate carbon choxlde absorplaon is also of prime importance m the closed 
circle system, some observations are offered on the use of camsters, both m tl~s 
and the to-and-h'o system 

I~OC_~DUBE AND EQU]mM.ENT 

The procedure was designed to demonstrate the efIect of valve leak or msuffl- 
etent carbon dioxide absorphon, at file same tune taking rote account file physlo- 
logaeal response obtained from an unmechcated patient 

An Oh,o 19-type ctrde and absorber was utihzed for observahons on its own 
btult-m valves and other substatuted valves m thffermg arrangements, with and 
without dehberately introduced leaks winch smaulated those wbaeh were observed 
m clm,caI practice For the to-and-fro system, a standard Waters (8 x 13 cm ) 
eamster was used 

The valves mveshgated were those built rote the Obao 19 ean,ster and both the 
yoke and mchvxdually mounted valves produced by Anesthesm Associates, Ine 

Two Ohio 19 eamsters were used, one contained tEresh hme, the other had been 
used tmtfl it was allowing passage of 2 per cent carl~on dloxxde Smularly, the 
Waters can,,qters contained ~resh and used 1Line 

1Thts study was supported m part by funds provtded under Contract DA 49-007-MD-507 
wath the Dlv~aon of Research and Development, Office of the Surgeon General, Department of 
the Army, U S A. 
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The analysing equipment consisted of a Listou Beckcr (Model 16) carbon 
dioxide analyser and a pneumotaehogr~ph. The dead space of this analysing 
equipment and mouthpiece was roughly that of a conventional mask, 110 ce. 
Thede two instruments, suitably calibrated, enabled us tb obtain continuous 
measurement of flow rates and carbon ldi0xide concentrations of! the respired 
gases. The signals from the carbon dioxide analyser and from' the di~erentlal 
strain gauge attached to the pneumotael~ograph were amplified and recorded on 
Sanborn equipment. These two records, carbon dioxide concentration and flow, 
yield several parameters, including dead ~pace. 

Figure 1 illustrates the arrangenaant of mouthpiece, analysing equipment, and 
anaesthetic apparatuS. 

FlCUrtE 1, Illustrating the arrang.~ment of mouthpiece, anal~esing equipment, and anaesthetic 
apparatus. The arrows indicate the position of attachment of the parts during the procedures. 

The subjec t, unmedicated but under basal conditions, was first required to 
breathe through the analysing equipment until a steady state had been achieved. 
Thereafter, the various arrangements of anaesthetic apparatus were attached for 
short periods of time and their" immediate effects recorded. Between procedures, a 
,~hort period of air breathing was allowed during which the apparatus was 
l'Jaoroughly flushed and filled with carbon dioxide-free air. During observations 
on the closed circle and to-and-fro system, oxygen was added throughout at a 
rate of 250 r per minute. The subject had no knowledge!of the particular 
changes that were being utilized and had been trained by pravious experiments 
to ~,llow his natural respiratory responses to occur without inhibition. 
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R E S U L T S  

The results gwen an Table I are obtamed from single breaths at the t~me stated 
after the beginning of each procedure These figures refer solely to the total 
volumes of gas and carbon choxade content entenng and leaving the anaesthetac 
apparatus, effects of mstrumenta! dead space are excluded inspared carbon 
choxade concentralaons up to 6 3 per cent are recorded wath a corrdspondmg m- 
crease m tidal volume of almost 350 per cent The con&hons of the experiments 
would not allow the development of a steady state and an certain cases the 
changes were progressing rapidly towards carbon dmxtde concentrations wluch 
would have caused conslderable chstress to our sub ect and demed the posslblhty 
of contmumg _with other observatmns We noted a so that some of the responses 
appeared anoana]ous Four of our observalaons melude alveolar carbon dmxade 
concentrataons below the value obtaaned when the pahent was breadung ambmnt 
air only fltrough the analysmg eqtupment It will be noted that where such 
lowered alveolar carbon dmx~de concentraOons occurred, the pahent's hdal 
volume xs somewhat elevated On examining the tame anterval from the prewous 
procedure, we noted that we had allowed ansufficaent tram for sustained response 
to have subsided 

T-~BLE l 

l ~ RE~I-I hll~tl 

I r t. 
Tidal  Rate added a.vemge Tuta~ C~ Mtmmum 

Pro Alxeolnr xolume (breaths Tmle dead space Inspired l.nsi'Jlr~d lnql~t~-d 
cedure Clrcmt V a h e s  CO (%1 (co) ~ e r r m n )  ( n u n )  t cc )  CO (%) (co) CO {%) 

19 
2 Closedctrele Exp val~e 6 1 725 10 5 ; 25 170 1 4 10 ,5 ~ 1 

leak 
19 

3 C]osedelrele In'- ',al~e b 0 81~5 12 0 1 a 21~0 I ',t 17 5 0 
leak 

1U 
4 Closed circle Botlt leak fl 7 qf.q ~ fi 1 ~ Sdfl 8 9 5fl 0 ~ 8 

AA 
5 Closed circle Intact 5 t 825 7 0 1 75 10 <O 1 O 5 D O 

AA 
6 Closed cwcle Ins val~e 6 1 7"~5 8 -~ ] 2~ 185 1 "~ i t  0 0 0 , 

leak 
SS 

18 Closed ewele At  4 4 1200 7 5 1 7~ 4~ I) 2 2 0 0 0 
canl'~ter 

SS / 

19 Closed circle At 4 9 IHfl ~ tl O 5 10 0 3 2 0 0 0 
patient / 

20 To  and fro 5 li 790 7 o t 0 -t0 0 ] 2 2 0 0 
do~ed 

Aw 5 8 510 9 0 3 25 0 9 9 0 0 

VAI.~ Es 1 9 - - g r a y l y  returned fibre disc type mounted on Ohio 19 c-tmnter 
AA--Anesthesla Assooates val~ es mouuted m x oke 
SS--Arte~thestn Asnoet~tes lndl~ tduall!, mounted  ~al~es ISicrr~. Sthconet 

From d~e figures obtained, it is apparent that m closed circle, or to-and-fro 
systems, whmh are fimelaonmg correctly, there Is only a shght elevation of in- 
spired carbon &oxide The mtroductaon of the valvular leak an the circle system 
produces an maanedaate rise m the inspired carbon &oxide level The addltave 
effect of a double valve leak as demonstrated The rapa&ty wath wluch such levels 
can be attained can be seen from the reproductmns of specimen recordings m 
Figure 2 
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FreunE 2. The rapid rise in the inspired] earbor) dioxide level immediately fonowing fire 
attachment of ~he anaesthetic apparatus is defimnstratec. 

DISCUSSION 

The significance of these grossly elevated values ,for inspired" carbon dioxide 
levels is most dramatically expressed in terms of ventilation required to maintain 
carbon dio~de lmmeostasis. The fig'u~es given in the table for tidal volume are 
expressions of the s'ubject's efforts to ~chieve this goal under the variot~s circum- 
stances, In the absence of the steady state, they do nor depict file actttal increment 

TIDAL VOLUME 
[J.O) 

Ldres 

AVERAGE II~ISpIRED (302% 

Fmvn~ 3 

in ventilation necessary to compensate for a particular insp~ed carbonidioxide 
level. These relationships are' expressed in the basic equation for pul.monary 
~ventilation for a single breath at fixed Ifrequenev ( 1 ) : 
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tidal volume - dead space:alveolar v e n t d a t m u - -  CO,, productaon 
alveolar CO 2 fractnon -- respired CO 2 fraetao~r 

The graph (Figure 3) calculated from observations upon -.his partic~ar subject 
(carbon dioxide production 192 cc. per minute) while kreathing ambient air 
ikust-ates the alterations in his tidal volume at a rate of nine breaths per minute 
whac_a would be required to achieve homeostasis with various levels of inspired 
carbon dioxide. To combat some of the levels of inspired carbon dioxide which 
were found in our procedures ( Tables I and II), it can be seen that the ventilation 

T A B L E  I I  

USED LIME 

Equivalent 
cr lda l  Rate added Average T o t a l  C 0 2  Minimum 

Pro- Alveolar volume (breaths Time dead slJace respired respired msplred 
cedure Clrcmt Valves CO2 (%) (cc) per mm ) (mm) (ee) CO~ (%) (ec) CO2 (%) 

19 
1 Closed circle Intact  6 7 1280 6 5 3 5 335  1 8 22  5 1 5 

19 
2 Closed ctrcle Exp valve 7 5 1310 7 5 3 5 855 4 9 64 5 4 4 

leak 
19 

3 Closed circle Ins valve 6 4 1235 7 5 7 5 685  3 6 44  ~5 1 2 
leak 

19 
4 Closed circle Both leak 7 1 1730 8 0 5 5 1525 6 3 109 0 4 7 

A A  
5 Closed mrcle Intact  6 1 680  8 5 4 75  155 1 4 9 5 1 0 

A A  
6 Closed circle Ins valve 6 1 9 1 5  7 0 4 25 390  2 6 24 0 0 5 

leak 
A A  

7 Closed circle Exp valve 6 0 930  7 5 3 75 395 2 5 23 5 2 0 
leak 
SS 

18 Closed circle A t  5 3 1225 5 0 3 25 315  1 4 17 5 I 0 
Camster 

SS 
19 Closed cwcle A t  5 8 740  8 0 3 0 160 1 3 9 5 1 0 

patmnt 
2 0  T o - a n d - f r o  5 8 7 0 5  10 0 5 25 120 1 0 7 0 0 5 

dosed 

VALVES 19---gravlty returned fibre disc type mounted on Ohlo 19 camsler 
AA--Anes thes la  Assocmtes' valves mounted m yoke 
SS---Anesthesla Assoclates' mdlwdual ly  mounted valves (Smrra  Sf l lcone)  

of a very high order is required to prevent carbon dioxide accumulation. As the 
inspired level of carbon dioxide approaches that of the subject's resting alveolar 
value, the required ventilation approaches infinity, with even higher vabaes, no 
amount of effort would obtain homeostasis. 

It will be noted that our subject did not manage to maintain his alveolar carbon 
dioxide at his resting level of 5.8 per cent during many of the procedures (2). 

The results of including in the circuit a canister contai~ing expended hme were 
as expected. The canister used for these observatiorLs, as already stated, had been 
correctly packed and utilized until it was allowing passage of 2 per cent carbon 
dioxide. At this point, the indicator in the granules on the surface had just begun 
to change colour which a casual glance would probably not have detected. We 
know from previous experiments that there is a considerable period between the 
onset of incomplete carbon dioxide absorption and the' appearance of indicator 
change in the surface granules in this particular canister. Thus, to rely upon in- 
spection of the surface lime is fallacious. Furtherrnore, there is no means of ob- 
serving the lime indicator during use. 
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In the results obtained dt~ring the procedures wl~en the Anesthesia Associates' 
valves were used instead of the valves on the canister, there are marked differences 
in the equivalent added[ dead spaces with the different valve positions. An equiva- 
lent added dead space of 10 cc. results with the yoke valves and fresh lime in the 
canister; it is increased to 40-45 cc. when the individually mounted valves are 
placed at either the patient or canister end of the corrugated tubes of the circle 
(Procedures 5, 18, 19). The values obtained for equivalent added dead space with 
used lime in the canister m ~Le same procedures confirm the effects of the different 
placement of the valves. 

Under normal clinical conchtions for general anaesthesia, it is not always 
feasible to obtain contrauous monitoring of respired carbon dioxide. Moreover, as 
drugs (3, 4) and surgical procedures modify the physical sibms of carbon dioxide 
retention, its diagnosis becomes complicated and unreliable. This, in turn, signifies 
that the detection of elevated levels of mspn~d carbon dlo~Sde is dittlcult. If the 
~ffect of the dru~s and procedures of surgery upon the items in the equation for 
pulmonary venti, ation are considered, the maintenance of carbon dioxide homeo- 
stasis is seen to be sublect to many variables. Thus, increases in inspired earbon 
diorade must be compensated by increases in ventilation commensurate with 
alterations in the other items concerned. It may be that the conditions .of anaes- 
thesia are such thdt a patient is capable of spontaneously maintaining a steady 
alveolar carbon dioxide concentrataon; more often this is not so, and it rests with 
the anaesthetist to augment t'he ventflataon. 

These studies.demonstrate ~ e  fallacy of depending on even the most modern 
equipment and valves to provide reliable carbon dmxide elimination. That such 
levels of insptred carbon dmxide can occur, and be respired by subjects whose 
responses a~e obtunded, provides cause for some consideration. 

It would seem opportune, at this point, to observe that where valvular defects 
occur and provide opportunity for rebreathing, the oxygen eoncentration will fall 
as the inspired carbon dmxlde rises (5). 

COMMENTS 

Although these observations have been performed with particular makes of 
equipment and valves, smailar faults have been noted m other manufactured 
apparatus. The indictment of valves and soda hme containers is intended for all 
designs which respectively are subject to develop leaks or provide no simple 
means of determining adequate eaIbon dioxide absorption. 

S ~ Y  

The effects on an -nmedi~ted subject of valvular leaks and inadequate carbon 
dioiide absorption in a circle and a to-and-fro system are investigated. The results 
are expressed in terms of elevated percentages of inspired carbon dioxide, and the 
increase in ventilation required 1o maintain carbon dioxide homeostasis in a 
particular subject is ealo_,lated. 

Attention is drawn to the dangers of high inspired carbon dioxide levels in 
general anaesthesia and the necessity for maintaining adequate ventilation. 
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I~SUM~ 

Dans les circuits qu'on emploie courament en anesth~sie g~n~rale, on place 
des valves, soit pour donner ~ l'atmosph~re une seule direction, solt pour limiter 
sa pression. Dans le cas du circuit fermi, pour qu'll fonctionne de fa~on con- 
venable, il faut que los valves soient $tanches. Toute d~fectuosit~ entralne un 

p 
reflux et permet la resprratmn de l'mr exhale. Le premmr but de ce travail est de 
montrer les consequences des d~fectuosit6s de ces valw~s en ne consid~rant que 
la quantit~ de gaz carboniclue r~inspir~. 

D'apr~s les chiffres obtenus au cours de cette Oude, ~l est manifeste clue si les 
syst~mes fonctionnent bien, qu'il s'aglsse du circuit ferm6 ou du "v~ et vient," le 
taux d'~l$vation du gaz carbonique n'est clue tr~s faible Si l'on provoque une 
d~fectuosit~ ~ une valve du circuit, le taux de gaz calbomclue r6m'spir6 s'~l~ve 
imm~diatement. Si la d~fectuosit~ est provoqu6e aux deux valves, les conse- 
quences s'additionnent. La rapidit~ avec lacluelle de hautes teneurs en gaz car- 
bonique peuvent ~tre atteintes est considerable ares1 clu'on peut le constater par 
les graphiques de la figure 2 

Dans l'occurrence de taux de gaz carboniclue aussi ~lev~s dans le circmt, te 
volume de ventilation n~cessaire pour ~viter raugmentation du taux de gaz 
carboniclue dans le sang devmnt effarant S1 ]'on mtercale dans le crrcmt un con- 
tenant de chaux efflcace, les r~sultats sent ~loquents coimne le montrent les 
tableaux Ces ~tudes d~montrent l 'lmprudence smon l'erreui de compter sur la 
machine, m~me la plus moderne, pour assurer l'~limmation du gaz carbomclue 
Quand il survient des d~fectuosit~s aux valves, ~l s'ensuit une ~l~vation du taux 
de gaz carbonique ~ cause de la r~insprration, et, sl le taux de gaz carbomclue 
augmente, le taux d'oxyg~ne va d~mmuer 
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