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The Acute HyperbaricToxicily of Carbon Monoxide. ROSE, C. S.,J()NF.s, 
R. A., JKNKINS, L. .1., JK.,and SIEIIEL, J. (1970). Toxicol. Appl. Plmrmacol. 17, 
752 760. The ellecls of elevated pressures (25, 50, 75, and 100 psig) on the 
toxicity of carbon monoxide (CO) in guinea pigs, rats, and mice were ex- 
amined in a series of 4-hr exposures. The partial pressure of oxygen (p02) 
was mainla lied between 140 and 160 mm Hg during all exposures. The 
LC5() values (lethal concentration of carbon monoxide for 50",, of the ani- 
mals exposed) expressed in milligrams per cubic meter of CO, were not 
appreciably altered by increases in pressure within the range studied. At 
death, the blood carboxyhemoglobin concentrations showed very little 
variation regardless of the exposure pressure. 

In recent years, much interest has been generated in manned exploration under the sea, 
and with this has come the need to develop data concerning the toxicity of atmospheric 
contaminants under hyperbaric conditions. 

A wealth of information has been accumuialcd regarding the elTect of carbon mon- 
oxide (CO) on living systems at normal atmospheric pressure. This information has 
been summarized in reviews by Drinker (1938), von Oetlingen (1944), Li lien thai (1950), 
and in the bibliography with abstracts compiled by Cooper (1966). More recently, 
Bartlett (1968) and Goldsmith and Landavv (1968) reported on the pathophysiology 
and on the general effects on the health of humans following exposure to low concen- 
trations of CO. 

/// rivo and in film studies on CO have been conducted at hypo- and hyperbaric 
conditions by Back and Domingiii ,'-. Berger ci ul. (1964), and Rodkey ct al. (1969). 
A search of the literature, howeu ', failed to produce information pertaining to the 
acute toxicity of carbon monoxide in intact animals tnuLr hyperbaric conditions. 

The hyperbaric toxicity of oxygen is well recognized and has been taken into con- 
sideration in establishing safe procedures during its use at elevated pressures (U.S. 
Na\\. 1963). Since no untoward elTects are noted when the partial pressure of o\\gen 
is maintained at approximately 160 mm Hg regardless of the overall pressure of the 

1 The opinion-, jxpa^sal herein arc those of the authors ami do not necessarily reflect the s iews of tue 
Na* \ Depui tment or the mnal sen ice a I large. The experiment''' reporietl herein wereeondueled accurd- 
.'iig lo the principles enunciated in "Guide tor Laboratory Animal Facilities and ( arc" prepared by the 
('ommiiicc on  (he (nude for Laboratory Animal   Resources,  National   Academy  of Sciences 
National Research Council, Washington, I). ('. 

-" HACK. K. C, and DoMiva i/, A. M. (I'MN). Psycliopharmacology of carbon monoxide under 
ambient and altitude coruliiiotis. Aerospace Medical Research Laboratories Report AMRL-TR-68- 
175, pp. SI  l>2, Dec. 1%«. 

752 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

Sl 

U 



IIYI'LKIiAKIC CARBON MONOXIDIi 753 

system, it was reasoned that the toxicity of'carbon monoxide should also depend solely 
on the number of molecules presented to the alveoli, if the partial pressure of oxygen 
remained constant. The following studies were conducted to evaluate this hypothesis. 

METHODS 

Experimemal animals. The animals utilized in these studies consisted of male 
NMRI:0(SD) Sprague-Dawley-derived rats (225 300 g), male NIH Nmri Swiss 
albino mice (23 30 g), and male FTD: Hartley guinea pigs (300 450 g). Prior to expo- 
sure, the animals were maintained on the appropriate food and water ad libitum. 

f-iv 

-ßH^ 

l:Ki, I. Schema of exposure system used at 0 psig. A, carbon monoxide cylinder (C. P. Grade) and 
regulator; li, house air for dilution; C, lloumeters; /), mixing Mask ; /;. exposure chamber; /•', exhaust 
line; 0', sampling line. 

Exposure cquipnu'iu and nuicrials. Exposures at normal atmospheric pressure (0 
psig) were conducted in a 30-1 chamber essentially as described by Leach (1963). A pre- 
determined amount of carbon monoxide (C. P. grade') was mixed with 7. i I per minute 
of laboratory air and introduced into the chamber. The system used is shown 
schematically in Fig. I. 

The hyperbaric studies were conducted in an H.6-1 chamber"4 rated for a maximum 
pressure of 150 psig at 70 F. For these exposures, certified premixed cylinders of carbon 
monoxide, oxygen, and helium were procured.' Additional intermediate concentrations 
were mixed, as required, from the primary cylinders. During all runs, the partial pres- 
sure of oxygen was maintained between 140 and 160 mm of Hg by decreasing the oxygen 
from 21 ,,„ (0 psig) to 7.6 "„ (25 psig), 4.6 "„ (50 psig), 3.3 "„ (75 psig),and 2.6 "„ (100 psig), 

' Carbon monoxide and certified gas mixtures were obtained from Air Products and Chemicals, Inc., 
AILntown, Pennsylvania. 

■' Ik'lhlehcm Chamber Model 614, The Ik'lhlehem Corporation, Heihleh'm, Pennsylvania. 
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In a similar manner, the various trmccntralions ofcarbon monoxide in (he gas mixtures 
introduced into the chamber for the LC50 determinations had to be lowered concomit- 
antlv with the sttpwise increases in pressure. 

The pressure in the chamber was continuously monitored using a lop-mounted pres- 
sure gauge with a range ot 0 100 psig. During exposures, chamber pressures were main- 
tained within 0.5 psig of the desired pressures. The gaseous mix tu res containing carbon 
monoxide were dynamically fed into the chamber through J-inch flexible tubing and an 
exhaust How rate or4 5 i per minute was maintained during the exposure period. After 
all exposures, the chamber was decompressed with a mixture o\'19"0 helium and 21 "„ 
oxygen at a predetermined uniform rate depending on the experimental pressure. Rapid 
decompression was not used since at times one or more animals would not be visible 
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Fici. 2. Schema for iiypcrbaric exposures ai 25, 50, 75, and 100 psig. ,•(, cylinder coniaining decom- 
pression mixture of 79",, helium, 2! "„ oxygen with regulator; /i, cylinder containing mixtures ofcar- 
bon monoxide, oxygen, and helium with regulator; C, motorized valve: D, ilownieters; /■_, hyperbarie 
chamber; /•', pressure gauge; G, exhaust How regulator valve; //, exhaust line. 

through the chamber window at the termination of an exposure and an accurate death 
count would not have been obtained. The system used is presented diagrammatically in 
Fig. 2. The thermal variation of the chamber atmosphere as measured by a thermo- 
couple, did not exceed <2 C of room temperature (23 C) during the animal exposure 
and decompression phases. 

in both the 0 psig and hyperbarie studies, chamber loadings consisted of 4 rats. 
4 guinea pigs, or 16 mice and all exposures were of 4-hr duration. The 4-hr exposure 
period was arbitrarily selected because of its general use in this and other laboratories 
in acute LC50 studies with other materials at normal atmospheric pressure. The para- 
meters examined were the LC50 values and the carboxyhemoglobin saturation levels in 
animals that died during the exposure".. 

Immediately after the exposures at 0 psig or the decompression phase after the hyner- 
baric runs, cardiac blood samples were collected from the dead rats and guinea pigs and 
analyzed for carboxyhemoglobin concentration. The surviving animals were not 
observed further and were sacriliced. 
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Aiidlylical wchniqucs. In all exposures at normal atmospheric pressure, the actual 

concenlration ol CO was continuously monitored throughout the 4-hr period by a 

double-beam infrared speclrophotometer' set at a wavelength of 2160 cm ' and using 

a 5.65 | variablc-pathlength gas cell. Ali laboratory mixed cylinders for the hyperbaric 

exposures were analyzed for carbon monoxide concentration by the infrared spectro- 

photometer or a gas Chromatograph''; no monitoring during the run was considered 

necessary. The gas Chromatograph was equipped with a 6 ft i in. o.d. stainless steel 

column packed with 60 80 mesh molecular siese 5A maintained at 100 ('. A nickel 

oxide catalyst, prepared according to Porter and Volman (1962). reduced the CO to 

methane, which was quantilated using a flame ioni/ation detector; the detector and 

catalyst were maintained at 300 C. 

Carhoxyhemoglahin ntetliod. Blood carboxyhemoglobin concentration was deter- 

mined by a method based on the work of Slowe and Pelletier (1968) using a two-channel 

automatic chemical analyzer.7 A specimen of blood, with ethylenediaminetctraacetic 

acid as the anticoagulant, was split into two streams. Total hemoglobin was determined 

in one stream as cyanmethemoglobin at 550 nm, and the carbon monoxide was released 

from hemoglobin in the other stream with 10",, H:SOj. The gas phase was then removed 

with a trap and reacted with the silver salt ol /i-sulfaminobenz.oic acid in alkaline solu- 

tion. This resulted in a colloidal solution ol silver which was measured spectrophoto- 

mctrically at 420 nm (Ciuhandu, 1957). in order to standardize the above procedure, 

solutions of known concentrations ol hemoglobin and carbon monoxioe were pre- 

pared according to the method of Collison et ul. (1968). Analyses indicated that at our 

range of concentrations the method had a relative error of approximately 8",, and a 

relative standard deviation of 9",,. 

RESULTS 

In general, all animals lost consciousness during the li I 2 hr of exposure to carbon 

monoxide. The mortality ir rats, mice, and guinea pigs exposed to \arious concentra- 

tions of CO at 0, 25, 50, 75, and 100 psig is shown in Table I. Only those deaths which 

occurred during the actual 4-hr exposure period were included in the table. One guinea 

pig died during decompression following termination ol an 8228 mg m1 exposure at 

50 psig. 
The I.C50 values, expressed in milligrams per cubic meter (mg m1), and their 95",, 

confidence limits are summarized in Table 2; these were calculated by the method of 

Litchlield and Wilcoxon (1949) and are depicted in Fig. 3. As can be seen, the LC50 

for rats, guinea pigs, and mice remained in the same range when the prrssure was in- 

creased from 0 to 100 psig; the variations noted were not considered to be biologically 

significant. Guinea pigs were less succptiblc to CO intoxication at all pressures than 

were the rats and mice. 

The \aliics for percent blood hemoglobin (",, COflb) saturation with carbon mon- 

oxide for rats and guinea pigs at death at each of the exposure levels and pressures are 

presented in Table !. no significant biological dilferences were noted which rcllecled 

* Model 21 SpL'cirophotonKtcr, Pcrkin-l-lmcr C'orpuralion, Norwalk, ( onnceticu1 

" Model  150 Cias ehromalograph.  Micro-I'ck  Division, Traeur AnaKtical  Inslnimcnis, AuMin. 
Texas. 

' Auio--\naK/cr, Tcciinicon Corporulion, Ardslcy, New York. 



*n        i 

756 KOSl   /./'   1/ 

< 
h- 

X3 

o 

O 

t/3 

Q a. 
is, C 
' C 

UJ    5. — 

1 o 

< 

> 

<■ 

u 
7 

a: 

2! 

c 
C 

o 
'j 
c 

'3 
o 

^ -a 

c 
c 

c 
o 
•J 
c 

c 

C 

C 

a. 

—   .—   r^,   —   — 

O — r- T)- i/-i -t   -I'   -D   vO     C   '^  C   ^O    r I   r'.  o 

Tf  «^"t  '— "Ai O ■— r', ^ Tf f-^. 
OCi/OCJv — C ^ f- — \D — 
—  rf u~t &, rr, oo vO — >/-. r- 
r I r i r I r I r', _ r I r-, rf-, r^, 

i^ vo c ^o   r^  
>A. O^  Tf —    — n vO 
■—  —  r I  f ^    r J rn r*-) 

w. omoc cococ ococ coo 
oc f. i^i i/"i o r-1 C IO O wn f. c C w") rl oo in 
O "" I r', vc O vC O  O r 1 r i r', t^- i/-, o r', Tf <n 
— rinrir^, — — — 

O vC 

vO ^o \o vO 

O   r',   -(■   vO 

— IAJ r i GC 
r--. rj- O <■■ 1 
os — -t r- 
— r 1 r I r i 

m O O oc 
r I ir, so — 
r I  - 1 r i r', 

JO 
— oo ^• 
od -*' — 

ri n 
— r- 

r! od d 
O ri — 

'^ i-: ^ 
-}■ — SO 

OO G» 

C L I 
r- O ri vO >A. os n oo r I oo Os r i O 'A' 
Os m rt 
vO a) r- 

Os \C 
TO U-i 

Tf n o 
so O r~ 

— t-- n 
^ u-i r- 

O rv"' 
r-- sc 

oo oo oo oo 
r i 

r- — oo -r oo — oo -f 00 oo — 
r i 

oo oo oo — 
O r i Wi r^- O 'i-,  vD O >" i ^ oo O ri io oo C — r^, 00 

o n <ri 03 n r- ir, 
C^ t 00 r^ m r^i r 1 
t m a r^ r- r i -r 
>t u-, sC: 00 Tj- vT r- 

o c c c 
O  ^f  u-i  00 
O   O  t^",  os 
■# in \o r~ 

coo 
o o c 
\0 — m 
— ri rl 

O   sO   00   ■   I —   t —   00 
rfr^-rl — rii^-, oooo 
oo r^ r J r^ r i r i n-, c, 
■^T sC oo oc •-', in r- oc 

COCO O O c 
COCO oo oo o 
C ^t r~ oo   ^ r- — 

o r- in 
ri — i/-, 
■^f <o r-- 

O ri So S 
^ r- oo C 

- vD O i^. 
X3 ^ — Os SO 
X  .= 
o ^ ini o r^ ■«* u r^- sD ir, os 

rj- in in in 

o ^ 

"^ O ri o »o 
vO un rj ri ON 
VI i/-! to O r^ 

C r^ r 1 
d f" 

00 r 1 r 1 

sO OS r- — ■* — *t ^N 

•* ■3 O Tf in ri as IA, — O0 
sO 
O 
sO 

■* 

U- 
in 0 
so m 

1^- c 
in so sc 

sO 
ir, P 

JZ n r 1 sO r 1 
cd -t -i- 00 — 00 -t n- oc oc 00 00 00 cc O0 00 oc 00 00 
1— -0 .— r 1 -t — ,— .— r^i r^ oo Q ,  l/"l r«-, r^, rl 0 -r r 1 -T r~- 

r3 
2 ■J 

■n 

c E ^ — O ^ .— C r*-, M- r 1 r*", r 1 r^ 
0 s(. 00 ;—: n T i/-. r~- sO m r^, r- — 

■~ OJj r- o- n •t oc •<t sC in r~ O r^, in 
a ■— —' 1  1 ri ~~ r 1 r 1 r*-, -t n n r 1 

C 
0 

c 
r— Q Q 3 ^ Q m 0 ^ O O -— r-^ 

c c ■ ; O O r 1 r 1 C5 r 1 os r 1 -> sO oc 3 r 1 sO 00 Os ri sO -f Tf in 
s^ c — r 1 ri 

r~-r-ri — — r 1 Tt oc 
rr — innos Or-~ri 
— so 00 n so -t ". r- 
i" I r 1 r I r--, r', r I r 1 r 1 

O O in o O C O 00 
r I os r 1 00 i/". oc o — 
i"*". r*-, Tf Tj- ty,    r ) r**-. r*-, 

r-   c   c 

y:    C    -     " 
TO - F F 
P c M ^ 

iz-j 
r 1 

•3 £ 
oi  --» 

2 O /. X 



IIYI'I KHARIC CAKIiON MONOXIDI 757 

O 

< 

O 

< 
■j~. h 

/ 
X 

a. X 

rl 
-j 
< a. 

LU h / 
_J m 
CQ a. 
< T 

•*   " 
5 x 

>   " 
O Ü 
10 

U 

SO 

< 

O 

O ° r 1 r 1 c r 1 O 

O u 
( 1 C O c O C: 

O C c O O 
c 

c vO r^ — — r^ 
rl *V r- , 0 -t 

0 

n 
E O 

O rl C 
O 

a- 
r 1 c r 1 r--. r*- r 1 

M CO 
r 1 ON 

rl 
ri 

00 
r 1 3C 

r 1 

r 1 
r 1 r 1 

u •— ^> -f O IO r 1 
r 1 r 1 r 1 r 1 r 1 

Q -f 00 C^ 

ui s. ^> VO r 1 
oc 

J^ 

T c 
O 
U 

n •£> 'r, ir, ^c O 
r-   r~ r~ "r. 

'> r- r^ vC ^c ■C 

73 
o 
C 

G 

of. cr- a^ vD O C. 
r 1 r 1 r^-, f, 

n^ c O O O (fl 
0 ^ C 0 — ^ Q 

'_J c c: 

0 00 O r^ r 1 r 1 a 
00 O CO O r^", 

O E 

O  £ 

in 0 
r^ 

O a* s^ oo Q 0s 
C3 

■/1 

O NO 
00 
00 

OO r- r 1 
1^- 

O - «i^. l/J r*", 5 0O w 
iz-l lAi r^ "A. VD -D 

n 00 

00 CT- '/-) !~~ r-~ 00 

^O .— ir, 00 a- 
J2 
T c 
0 u 

r3 'r") '— l~- 00 0* 

r~- r 1 c 00 rf 2 1/-! ^C vO "O ^ 

T3 

(£ 
69, 

^  c 

NO 

d 

r 1 

— r| 

^ __, 
ON ir. C c 

'/"j 
■ 1- r 1 r«-, VO r 1 

0 

n 
E 0 r 1 ^ 7 § n g 7 ^    NO 

X r 1 
M O 

r 1 r«-, ^?S -^ 
NO    4 

r 1 ^ rl 00 
00 r 1 r**i r*-, r*-, 
■-" r 1 r 1 r 1 r 1 

~3 

c u 

-C   c 



758 Rosi: /./• .1/.. 

any pressure or concentration changes. The mean values for COHb for each pressure 
(Table 2) exhibited little variation in the saturation levels prouueing death in rats and 
guinea pigs regardless of the exposure pressure. The mean percent saturation ranged 
from 57.5 to 64.9 for rats, and 65.0 to 77.6 for guinea pigs at the LC50 levels. 

o z 
o 
3 

o 
CD 

2 

IOOOO 

9000 

8000 

7000 

2      6000 

5000 

m        1000 
a 

3000 

2000 

1000 

GUINEA   PIGS 

RATS 

25 50 75 100 25 50 75 

MICE 

100 23 50 75 100 

LC50  VALUES   AT  PRESSURES   FROM 0 TO   100 PSIG 

IKI. 3. LC'5() of carbon monoxide in rats, guinea pigs, and mice at 0, 25, 50, 75, ami KM) \isia. 

DISCUSSION 

Contaminant concentrations at normal atmosphc': pressure have been universally 
expressed in terms ofparts per million (ppm) on a me to volume basis, and in Piilli- 
grams per cubic meter. At increased pressures however a distinct dilVerencc arises in 
the interpretation ofppm units. Concentration the contaminant in a dynamic system 
in terms of mg in1 increases by a factor directly proportional to the absolute pressure 
of the exposure system and reflects the number of molecules of the gas presented (o the 
pulmonary alveoli of the animals. In contrast to this, the ppm value docs not change 
with changes in pressure at a fixed concentration of CO. For example, in Table 1 the 
range of CO concentrations used to determine the L.C5() values expressed in terms of 
ppm. decreased as the pressure was increased from 0 to 100 psig; this could lead to the 
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erroneous conclusion that CO is nn c toxic at increased pressures. This is not true when 

the absolute values for the amount ofcarhon monoxide are expressed in terms ol'mg m'. 

From the data obtained in this study it can be concluded that there is no alteration in the 

toxicitv of CO in rats, guinea pig:, and mice as the pressure is increased from 0 to 100 

psig. 

It has been shown /// ritro, with a carbon monoxide-air mixture, that the equilibrium 

percentage ofbiocd carboxyhemoglobin produced by a given concentration ofCO was 

independent of the environmental pressure (Bcrger ci al., 1964). Rodkcy ci al. (1969) 

demonstrated that the relative alFinity constant of hemoglobin for carbon monoxide 

from both whole blood and prepared hemoglobin solutions was not significantly af- 

fected by elevated pressure or the inert gas component of the pressurized atmosphere. 

The carboxyhemoglobin levels and mean values obtained from intact animals at death in 

the present studies support these 'indings, 

Henderson and Haggard (1943) indicated that at equilibrium the distribution of 

hemoglobin between carbon monoxide and oxygen depended on the ratio of the partial 

pressures of carbon monoxide to oxygen as well as the aHinily of hemoglobin for these 

two components. Berger ci al. (1964) suggested that the apparent toxicitv of CO should 

be unallected by elevated pressures if the ratios of these two gases remain constant. This 

was confirmed in the hyperbaric studies reported here, in which the pO: was main- 

tained at 140 to 160 mm Hg and the ratios of tne partial pressures of CO to O, were 

approximately the same at the LC50 for a particular species regardless of the total 

pressure of the exposure environment (Table 2). 

In manned exploration under the sea, it is anticipated that many additional atmo- 

spheric contaminants other than CO will be encountered. Since carbon monoxide is 

unique in its mode of action, it is not possible to generalize from data on CO as to the 

toxicitv ol these other materials under hyperbaric conditions. 
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