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2 ; $ K  c 3 0 
%e @$so$c&@<monoxide upon mphtory metabolism has been the 

sub&t&fijlilsQgs&6~y: Is the only effect of CO that of combination with 
hen@gW@;&J e & n g  the blood of some of ita oxygen, or does CO react in 

: some adi t io  manner in the body? Is there any possible convemion of CO 
mto COi or other compound, or ia there any other way in which the body can 

$ takeupandstoreCO? 
,, In addition to their theoretical implications, these questions are of practical 
importance, both in industrial and in military problems. Thus in the present . 
war, in certain types of planen, tanks, cargo ships and in otber situations, many 

' fighting men may be expoaed to low concentrations of CO for comparatively 
long p e r i d  of time and may d e r  from carbon monoxide poisoning of a more '> or leaa aevem degree. Therefore, the questions outlined above carry added 
signi6cance. 

In the past, Considembb work has bem done in this field, but there is only 
space here to refer to 8oma of the more important observations. J. S. Haldane 
(1) exposed mice to a gaa mtrtUn containing 1 atmosphere of carbon monoxide 
and 2 atmaspheres of oxygen. Under these conditions the hemoglobin of the 
blood was almost entirely combined with CO but enough oxygen WBS dieaolved 
in the blood to maintain life. The behavior of the mice WSS practically normal, 
and Haldane thus concluded that CO WM entirely inert except for its power to 
combine with hemoglobin. One year later Haldane and Smith (2) showed that 
when a very low p m  of carbon monoxide in a rubber bladder is in equilib- 
rium with that in the human body in a cloeed respiratory syatem so that no CO 
CBD. escape, the percentage of CORb in the blood remains the m e  (33 per cent) 
for M long M 80 minutea. Thia rermlt WIM interpreted ad ruling out metabolism 
of CO or EIOW accumulation of CO in any organ (e.&., the s p h n )  for then the 
blood COHb level would decrease pm@vely, and the concentration of CO 
in the bladder would fall off. Such a conclusion is, however, open to critibhd. 
(em 9). 

i 

1 The work dmcdbed in this paper WM done mder contracts, recommended by the Com- 
mit& on Medical Research, between the Ofece of ScientiAc b e a r c h  and Development and 
the Univenity of California and Columbia Udvenity. 

ptafd for tbe t~~hnicd aeoiatraca of Mcsara. Ellis Myen, Frank T w i n  and 
Robert Weitbmht, and we rish to thank Dr. J. 0. Hnmiitoo and the Berkeley cyclotron 
crew for bombarding the tareta. 

We 

9 Rom the Mrision of Medical P h y k  and Medicine, University of Cslifornia. 
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a ip. 6 3 i . t h e s e  experiments were done, the measuring techniques have been 
I $ 2 agf$a@&.nproved, and the study of the effects of high concentrations of CO hw 
2 d 3 ,E h+.n&&idembly advanced. In 1926 Warburg (3) showed that CO combines 

$ 2 $dftb:b lirspiratory ferment in yeast and inhibits respiration. J. B. S. Haldane 
rJ :>. 3 : b a t &  some evidence (1) pointing to a toxic effect of CO on  rat^ when es- 
2 E 5 $&d,lt$a mkture of 2 atmo3pheres of CO with 2 atmospheres of 0,. In 1932 
b- ; ,o i:, !. 

~~ .> :f -k&ira@ Cobb (5 )  observed that CO has a stimulating effect on the normal 
.- n ’5.2 0 . l c  @ & i  fietabolisrn of frog and rat muscle (skeletal and cardiac) when exposed 
Z 0 ‘1 .9ohr&tures containing high percentages of CO; e.g., 80 per cent CO and 20 c i .e 
.- cI - E 
5 $ 5 &5in&$ to concurrent inhibition of oxidation in the presence of CO. Thex 
E m -% hbq@a have been nnalyzed more.recently by Stannard (7), who defLnitely 
e 2 u. g & @ d b  that the effect of CO on muscle is dual, consisting under certain con- - o n e  
-g 5 .g &&rp 3 an inhibition bf the Warburg-Keilin cytochrome oxidage system to- 
’& g 2 4 &t&gv&h a catalytic oxidation of CO to Cq by enzyma separable from the 
8 ?? 5 E h&S &ig and active ayutems. In the latter connection he quotes n’ege- . 

lein’a demonstnrtion (8)’that CO can be burned to (2% in alkaline solution by 
greur and “miacbfarbene” hemins at low Os pressures. 

No information has, however, been available on the magnitude of any pos- 
sible “tissue” effects of CO when administered in very loa; concentrations (up 
to 0.01 per a n t  in the inspired sir), SO two of us recently (9) tried to recover 
CO, previouslj absorbed by man, by continued breathing of oxygen or air. 
The blood C O n a n t ~ t i O M  of COHb were obtained after venepuncture. The 
total amount of CO m the blood was wtimated from the known blood volume and 
COHb canceatratian,and the COcontent ofall theexhaled air was alsodetermined. 
Thi tests were continued for one hour after the absorption of CO and, in general, 

\ about 30 to 40 per cent of the amount of CO disappearing from the blood did 
not appear in the exhaled air. It seemed reasonable to suppose that some of the 
missing CO might have been oxidized to CO*, since the previous evidence against 
this happening to a slight extent in man did not appear to us conclusive, and 
furthermore a calculation kindly made for us by Dr. W. 0. Fenn indicated that 
if (a) the rate of CO oxidation by muscle remains proportional to the CO pres- 
sure down to the very loa values met with in human blood and (b) the results 
on the isolated muacle at ZT. can be extrapolakd to the whole musculature of 
the human body at 37’C., then about 5 per cent of the CO loat from the blood 
in our experimenta (9) might have been oxidized. Muscle in vivo might well . 
be more effective than in vitro. We therefore thought it well worth while to 
apply the radioactive tracer technique to determine whether$ human 
body there might be any oxidation of CO to Cot. Thepdioactive motope C * *  
hv%g positron and gamma ray activity and half-life of 21 m i n u h  (10, 11, 12) 
mdd uaed in form’ of the labeled C.0. 

In general the plan of the experiments was as follows: Several human subjects 
were given a relatidy large labeled dose of C.0, followed by the breathing of 
100 per cent oxygen, and collection in soda lime of all exhaled COX, and measure- 

c 

&go*. This ~ n a  confirmed by Schmitt and Scott (6), who also drew .+ 

- 

s Radiaaerive carbon in form of CO will ba n t e d  to M COO. 

i.. . 
A 

ELIMINARO 

ment of the soda Irr 
demonstration of s u  
that CO is convertec 
counters over vario 
the uptake and elim 
METHODS. &Os 

cyclotron. On the 
amperes) lasted 30 
ment is in the f o r u  
and partly in the tr 
chamber into an eva 
and 10 cc. of ordinar 
at each end. 

It \vas essential tc 
tonometer before tt 
misleading results n. 
done as follona: 10 
latter shaken violent 
drained off and the 
of tap water. Each 
seconds before being 
lead. The latter WE 
of the three-way taF 
from i ts  walls. A c t  
adding a few cubic CE 
slowly over soda lim 
in the soda lime, t h  
slight residual acti\$t 
theoretical end-point 
sample by the soda 
case, imignificant fo: 

The activity of tt. 
radium standard usin 
after, it wos i n t d u c  
placed 150 cc. of ord 
piration, inhaled and 
whole contents of th 
Thie usually resulted 
tered, and the blood 1 

Thereafter, the subjc 
was given 100 per ct  
tube (about 10 inche 
cient to absorb all e: 
kept cool by packing 
lime tube WIM i w r t e  

, 



TQ CO, 255 

with 20 mev deuterons (10 micro- 

0 

done m follows: 10 cc. of 1 N NaOH we= f o d  into the tonometer and the 
latter shaken violently by hand for 6 mhutes. The NaOH solution was then 
drained &.and the tonometer wmhed with ten .9uccesSive 5 t o  10 ce. mrtiorm r__._-_ 

of tap water. Each fraction i t a  shaken thomughly in the tonometer for some 
seconda before being drained off through the lower three-way tap and glass efit 
lead. The latter wra .Is0 thoroughly w h e d  each time through the side t u b  
of the three-way tap 60 ~LL) to remove dl drainage films of radioactive solution 
from its walls. A chaak 40 to the find purity of the gas from C*O1 ww made by 
adding LI few cubm centimetern ofordinary Cot M carrier and passing the mixture 
slowly over soda lime. Only 0.0016 per cent of the original activity ww found 
in the soda lime, thus indicating 6 very high efficiency of COt removal. The 
slight midual activity may be due to the Cot absorption falling just short of the 
theoretical end-point or to extremely slight absorption of the C'o of the gas 
sample by the soda l i e  (or to both of theae factors), Its amount iras, in any 
case, insignificant for the purpcse of the present experimenta. 

The activity of the remaining labeled CO R'M calibrated against n 1 mgm. 
radium ntandd using a gamma ray counter and a scale of eight circuit. There- 
after, it wod introduced into a rubber bag into which there had previously been 
placed 160 cc. of ordinary CO and 2,000 CC. of 0%- The subject, after deep ex- 
pixation, inhaled and exhaled in the bag three timea, and then finally drew the 
whole contenb of the bag into his lunga and held his breath for one minute, 
Thin uauaUy resulted in an absorption of at le& 95 per-cent of the CO adcdinisi 
tered, and the blood CO content pow eompondingly to 2 to 3 volumea per cent. 
Therafter, the subject exhaled and breathed air for seven minutes. He then 
waa given 100 per cent oxygen and all exhaled air was paseed through a gins 
tube (about 10 inches long and 1 inch in diameter) containing soda lime sufii- 
cient to absorb all exhaled COI. In the last two tests the &a lime tube ngs 
kept mol by packing in cracked ice. At 10 or 16 minute intervals a fresh soda 
lime tube wee inserted and any d o d v i t y  of the absorbed Cot mas measured. 

I ,  
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regions of the body-one 
another over the liver, and a 

of measurement, t, corrected for the decay 
i t  by e& col(c-y, time3 being measured 

would be distributed throughout the body in the form of CO, and HCOI so 
that only a fraction would appear in the expired air. Allowance is duly made 
for thi~ factor in the table. In brief, the data show that less than 0.1 per cent 
of the CO lost from the blood during the fht  hour after CO administration ia 
converted to 001. In only one instance out of 19 samples was the activity in 
the soda lime nigni6wtly above background (table 1, column 5). We have no 
explanation for this a n o d o u s  d t  except for a possible contamination, 
unnoticed a t  the time of ita occurrence, of thin particular soda l i e  with ex- 
traneous dosctive materia!. The same subject tn a repeated experiment 
showed entirely negative results along with the other ones. The very small 
activities (usually l a  than 0.1 per cent of absorbed CO) indicatingpossible 
conversion might also be due in whole or in part to the absorption of extremely 
minute trscea of CO by the soda lime, and the very sensitive radioactive tech- 
nique detecta this. These experiments however do not d e  out the possibility 
of convernion of CO to COS during longer periods of time. In two c s e s  the 
urine wm callected at the end of the experiment and in neither case was activity 
detectable. 

In tbe intarpretation of tbe experiment3 wherein the relative uptake and 
elimination of radioactive CO are mearnued, one must proceed with caution 
since esch of the cu~vea phom in figures 1,2, and 3 undoubtedly con& com- 
ponents arising from s o m  other than the particular object oftobdrvation, 
is., the spleen, the liver, and the thigh. The m a l  type of curve observed 
from venow blood analyses for Co iS very 6bnilar to that in figure 1. (Here the 
counter placed under the pogterior thigh, about 10 inches from the hip; 
a 14 mch wide slit mounted crosswiSe to the thigh limited the d i d  angle of the 
counter which WBB 24 inches from the skin.) During the f irat I t  minutea there 

an initial rise, probably related to the mixing of CO in the lungs. At the 

ELIMINATIC 

end of I f  minutes t 
mixing and continu 

J .  H. L. (1) 

M. I. C. 

B. R. B. (1) 

C. A. T. ( I )  

B. R. B. (2) 

J .  H .  L. (2) (soda 
lime cooled in icf 

C. A .  T. (2) (soda 
lime cooled in  icc 

bverage. 

All counts/min. n: 
aubtrscted. 

*' The C'O, which 
body and that exhaled 
minute, or 15 X 300 - 
amount of Cot in the b 
formed in P. 15 minute 
for thia dilution. 

t This i a  the m o m '  
3 t o  4 venom blood Ban 

a few minutes, then 
half-time BS the exp 

1. 
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TABLE 1 
:atom of C'O. in Ihr ezhaled air a 

Avemge. .... . . , . . . . . . . . 

I_ 

nt 
XWm.  
U O U I I  
m lorn 
YI.. - 

0 

42 

180 

la 

33 

16 
31 
31 
30 
0 
0 

0 
11 
26 

12 
6 
0 
1 

24 
- 

cw 
O.Oo0 

0.016 

0.114 

0.004 
1.m 
0.011 

0 . W  
0.010 
0.W 
0.W 
0.000 
0.000 

0.W 
0 . 0 0  
0.W 

0.002 
0.m 
O.Oo0 
0.m 

0.012 
.1_ 

- 

28.0 

2a.4 

28.0 

14.0 
8.6 
6.0 

10.0 
0.0 
8.0 
7 .O 
6.0 
8.0 

14.4 
13.0 

14.0 
8.6 
6.0 

- 
14.5 

- 
:purl 

)e 1811 

0.00 

0.00 

0.39 

0.03 
21.40 
0.18 

0.05 
0.11 
0.11 
0.12 
0.03 
0.00 

0.00 
0.02 
0.05 

0.02 
0.01 
0.m 
0.00 

0.072 

- 
hM been 
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MINUTES 
Fig. 1. Dee- Of the amount of C* in the left thigh while breathing oxygen and after 

11 min. of inhaling C.0. N o m 1  subject, F. T., 22; exp. 10; 4-7-45. 
a: C.0 uptake in the lunm I+  min. 
b: C*O diaappeua from lunge. 
c: dedataratiaa oee dnde exponential. 
d: continued 
Half-time.d d.rtwatian: 4.4 min. 

of COO from arterial blood. 

ODIClum 
nwt WUM W W - I I Y  

A 44 % I I  mk. 
e sa a 4a nh. 

mno U l m m l  
ng. 2 Fig. a 

Fig. 2. Deensw of the amount of C* in the region of spleen and heart while breathing 

Fpg. 1. Deem of the amount of Co in the region of liver while breathing oxygen and 
o m  and after 1) min. of inhaling c.0 Normal aubject, C. A. T., 27; exp. 9; 4-7-45, 

sftar I+ mfn. of inhaling C.0. Normd subject C. A. Tobias, n; exp. 9; c?+. 

b 
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L .A t c .A J ' I  

'na 
i"2 1 9 T  zp<- .g  

TOBIAB, LAWREI?CD, ROUQBMN, ROOT AND OREFEWEN 

.E &&panciea mount FLY high 811 1 4 0  per cent. This may be in p a i  due to 
2 b+pc$$aee brought about by the movement of subjecta, during the experi- 
<s c :z :$nG,$nd inarflicient determination of decay curves. The Significance of the m 3 :,;. 
c, ,?I .i! ~ ~ d a ~ ~ j i g u r e a  1, 2, and 3 and table 2 will be further considered in the Discus- 
I-- v) .o_ .I-'. ,. .c .!? = 5 ,&* of CliminatMn of CO tohi& b r d i n g  ozygm j o t  jo iu hours. In 
-.. 3 5 , p e q F ? h e  lack of ewdence of conversion of CO in these exploratory experi- 
.a 2 &-  - $te~B .$bee subjects inhaled ordinary CO, and during a four hour period 
.- 5 6 ' 9-m exhaled CO waa quantitated. Blood CO content of each subject 

g &&red at the begianing and at the end of each experiment. Each sub- & 
E 3 -i: .s u rJ !e4 in approximately 160 cc. of CO mixed with oxygen in one cage and 2 - Q L &l&-aip the other two. mereafter, oxygen inhalatton rmu continued for U C - 0 -  
.I 2 $I@ @+p and the exhaled air collected in Dough bags. The volume in each 
2 2 3 2 sy'caeasmed after mixing the exhaled air in it, and 1/1,OOOth of the volume ' E %G as& for d y & .  The fin& bag wm taken off aftet 10 minutes. and ita 

0 x m C L  0 ' -  m - i '  

.C 1.. <-; &,be 3 

CO amtent enabled me to dculata the amount of CO taken up by the body. 
All other samples were mired, and a t  the end of the test the CO content of the 
mind 1/1,oooth flaction WM me(Ldund. The read& shocped that in these 
three expehenb 93,W and 97 per cent of all absorbed CO wm recovered during 
thia period of time m the exbled air. The blood CO at the end of these tests 
waa practically the uame M befom atarting them 80 only a small correction mu 
necemcuy on thir account. Them results are &ported in detail elsewhere (9). 

DIECUMION. Fkom the ahm nsulta it seem Clem that in mild CO pohoning 
only a negIi&Ie, if my, p m p n t i ~  of CO is burned to Cot in the body within 
the firat 60 rnjnutm d oxygen bmthing. The experimenta were limited to one 
hour 0- to ths nktively ah& hdf life of the radioactive carbon; oxygen 
wna used m p h  of air hecause the elimination of CO from the blood is thereby 
speeded up about Six times, w h e m  the proportion of CO recovered in the ex- 
pired air in Stin the same, vis., 60 to 70 per cent of that currently lost from the 
blood (9). (It should be pointed out that the amount of CO lost from the blood 
m penode up to one hour in calculated from venous blood COHb values and blood 
volume determiedtiona by the (XI method and ita bccurncy therefore depends on 
the dhbi l i ty  of the latter e&imationa.) The absolute amount of any CO 
MacooMted for during the &at hour is therefore six times greater when breath- 
ing oxygen thsn when b r e a t h g  air, and the chance of finding out what hnppens 
to it ohodd be correspondingly m t e r .  "he additional finding that ahoat all 
' the absorbed (x) m m o v e d  in the wpired ga8 if oxygen breathing iS continued 
for four h m  acrml to exclude not only oxidation but also every o$er form of 
CO metaboIimn and seem to prove that the whole, or practically the whole, 
of the CO taken trp by the body in revemibly combined. It will be recalled 
that Fsnn and Cobb (6) wem themnelm doubtful of the applicabfity of their 
@to- ' a0 poisOaimg, Since in the latter c888 the GO p m m m  are 

-. 

only of the d e r  of me-thousandth of thcee they used m their muscle experi- 
ment~. M is ab0 p i l e  that the high 4 p m m  in our experken-th 
absolutely and rehtivel~to the CO premm-may have inhibited the catalpis, 

ELMIHATIO'. 
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und that for CO to be burned to COI by hemins in alkaline 

and Cobb, but merely show that it is not feasible to 
ion from the latter to the entirely different conditions 

per, the alveolar CO pressure a t  

e recent data and methods 
of Roughton and his colleagues (IS, 17). Such a rapid initial rate of CO ab- 

-sorption would cam the gradient of CO pressure between the alveolar air and 
the blood to drop rapidly, and the arterial wr cent COHb muat of coum follow _ _ .  
pari passu, bemg practically equal, a t  the end of the breath-holding, to that of 
the mixed venoull blood entering the lung capillaries a t  this stage. Each organ 
of the body ~~rreapondingly receives blood with a high initial, but rapidly 
dmpping,percentageof COHb and radioactivity. In  organs mch ag the muscles, 
in which there. are no large poab of relatively stagnant blood cells, the slo~v corn- 
ponent of figures 1 to 3 &mld be reached M soon aa the blood has circulated 
around the body enough tkws to mix the CO in it thoroughly, and the ampli- 
tude of the slow component should be proportional to the amount of blood in 
the o m ,  or more correctly, in the area of the organ which is recorded by the 
Geiger counter. O r g n ~  which have a rapid circulation especially if they are 
situated cloee to the hesrt, would be expected to show an initial high radioac- 
tivity. After a short period, however, their blood mixes with blood from the 
other, leas m d l  supplied regions of the body and the C*O activity then will 
decreeee, mdioathg mixing. This neema to be the cme in curves taken over 
both lungs anteriorly just below the claviclea and also over the spleen-hesrt 
region. We 7vem hoping to detect a difference in “mixing time” between the 
curma obtained over the spleen-heart region, and other chest curves, since it is 
expected from the PPorlL of b r c m f t  et al. (lQ), on rata, that the blood stored in 
the &mea of the spleen would slow dmm the mixing of COHb. Our failure 
to obsenn such ditterencea may, however, haw been due to insufficient accuracy d 
in the meaaurementa. 

It is remarkable that the initid phme of the liver curve is so much more 
pronounced and prolonged than that of the spleen-heart curve and it ia difficult 
indeed to see how it  can be wholly explained on the same baais. In dogs and 
cats Barcroft et al. (18) showed that, after sudden administration of CO, the 
lag in CORb percentage between the liver pBrench>ma blood and the arterial 
b l d  only amounted to two minutes a t  most. These resulta contrast markedly 
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'2 a a <G t> D n ~ - 3 0) '' * ,g il m _. 3 5'4':: MBIh8, LAWRENCE, ROUGHTON, ROOT M'D QREQERSEN - 
5 2 2 $vdii@h-+e in the spleen (ID), wherein lag periods up to 30 minutes were found, 

03 & '2 2 Ilth&&ting to a much greater proportion of stagnant cells in the pulp of that 
._ y2 E ;; zo&$ &an in the liver. S o  comparable figures are available for human liver 
k- r f i  Iu ~~ ~ , a @ ~ p @  though it is believed that the rble of the spleen in man 85 a functional 
v) 'E f; ; :;bbcd &re is far less marked than, in the dog, and it is possible that in man the ;! 2 .:$$$$'to some extent replace the spleen as regards blood reserve function. 
'6 - a, "E%&& the ratio of the fnst component to the slow component should not ex- 

; '&*g to one at most, unless some additional factors enter. For the highest b 
E .? 1 t ? t @ g e  of COHb in the blood in these experiments is probably not much 
2 C? 2 $oodr@-&ee above) and, since this figure must drop rapidly during the.one minute 
u c = o .a@p*-holding, the red cells of the liver can scarcely rise to higher than 30 
0, b) L'Z 'E 2 0 $$& @'@COHb by capture of CO from the cells rapidly circulating through the 
o E 5 'E &&r3 Ron the h a 1  per cent COW reached in the mixed blood both in the 

liver sad elsewhere averaged about 15, so that if the number of red ceb in the 
liver that are examined by the G e i r  counter remains conatant throughout the 
experiment, the total initial activity A d d  not have exceeded hoiu :the value 
of the amplitude of b l  activity. In other wordn, the amplitude of t&,fast 
component would at best have been only expected to equal the amplitude of the 
alow component. It therefore'aeems that other fnctors must also be present if 
a ratio of amplitude m high ~d 6 to 1 is to be explained. TWO idem Suggest 
themselves, aside from *e bare POaJibility that the liver handles radioactive 
CO in a different manner from ordinary CO: (a) The audden arrival in the liver 
of blood containing a high percentage of CO might lead to a temporary engorge- 
ment of the lirar with blood, (fig. 3c) folloned by a contraction of theliver, 
expelkg blood m (XXB content into other parts of the body (final steep 
part of curve hi 6.g. 3). (b) The liver might contain in the Kupffer cells and 
elsewhere, appraciable amounts of a pigment with a far higher atfinity for CO 
than blood hemoglobin poswsea. Such a pigment would be similar to the 
pseudo-hemoglobin of Barkan (m), which is regarded by him as an intermediate 
breakdown product between blood hemoglobin and bile pigment and is cal- 
culated to have up to 10 times the a w t y  for CO that blood hemoglobin has. 
A pigment with rmcb phynico-chemical pmpertiea would be expected to take up 
CO very rapidly from the blood, when the COHb content of the latter is sud- 
denly raised, and only release i t  alwly win to the blood as the COHb drop. 
AU the factors M) far mentioned may well enter, in varying de-, into the 

explanation of the liver curve, together with other factom which have not yet 
occurred to UY. It ia hoped to obtain further evidence in man, by simultaneous 
meamvement of the CO content of the hepatic vein blood and other blood ves- 
sels during and after CO adminiitration, and also by administering C*O slowly 
in&d of in the short massive doeages used in this paper. In animala i t  would 
be desirable to carry out liver perfusion experimenta and to study the &ity 
of liver extracts for CO directly. 

matever may be the final explanation of the ahape of the liver curve of 
6gus 2, tbe matter merib further consideration in the study of acute'C0 poison- 
ing & in the meaeurementa of blood volume by the Co method. 
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mal men were each given, via the lungs, 8 relatively large dose 

(if any) of the CO currently lost from the blood. 

eart and the liver wm studied by placing Geiger 

pletelp in such a way. The nature'of the p i b l e  additional factor-present in 
thiaregim iadsmtssed. . 
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