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consisting of sums of exponential terms v h u e  one 
of the exponential terms had a rate constanl fixed at 
the value of the turnover rate previously measured 
for the "CO, breath analyzer used in the study (k). 
Data values were weighted by .a factor equal to the 
reciprocal of the data value. A variable metric mini- 
mization program in a CDC 6600 computer was used 
to fit the function to  the data ( 3 ) .  

Solutions for the rate constants of the model shown 
in Fig. 1 were obtained by identifying the terms of 
the Laplace transforms of the differential equations 
describing this model with the terms of the Laplace 
transforms of the function used to fit the data. Taking 
the amount of radioisotope injected as equal to unity, 
the initial conditions were taken as: N,, = 1 - 3alt; 

N,, = 3a12; N3,, = I where Nlo, N,, and Nso are 

the fractions of administered radioactivity in compart- 
ments 1, 2 and 3, respectively, (Fig. 1) 3 min after 
i.v. administration of labeled bicarbonate, alt = a, ,  
+ aI3 + ale ,  Ai = constant coefficient of the ith 
exponential term, k = turnover rate of the 14C0, 
breath analysis device. The total C02-HC03- con- 
tent of Compartment 1 was taken as the average 
breath CO, excretion rate divided by a I R .  If one 

of the coZ produced in the body 
is introduced into Compartment 2, then the ~0,- 
HCO,$- content of Compartment 2 is equal to the 
product of the CO2-HCO,- content of Compartmenl 
1 times Q 1 2 / u 2 , .  if all of the co, produced in thc 
bod,, is introduced into Compartment 2 then the Co,. 
HCO,,- content of Compartment 2 is equal to tht 
value calculated above plus the total-body CO, ex. 
cretion rate divided by (I?]. These two values givt 
a lower and upper limit to the C0,-HC0,- conte 
of Compartment 2. 

The importance of quantitating the interchange 
::reen various components of the body's C0,- 
.IO - pools is well appreciated by investigators 
$;in= in \.ir.o metabolism by measuring the rate 
expiration of J .ICO~ after the administration 
:~C-]abe]ed materials. It is clear that the rate 
;IcO- expiration in the breath fol]owing admin- 

.aior, of I4C-labeled materials is not only a func- 
.n of the in vivo metabolism of the given material 
,: also of the kinetics of the CO,-HCO3-~Ools  
:ich the labeled CO, must traverse before its ex- 

.:ation in the, breath ( I ) .  The present study was 
:dert:Jien to provide quantitative information about 
.:rates of interchange between various components 
-he body's CO,-HCO,- pools in normal male sub- 

be 

m m c t  No. 

TV: Differ- ::is at rest. SAi 

k 
tsid deficitnl 
i 21: 447- MATERIALS AND METHODS 

nuous 
.r I physic$ 

RR. '' ": 
J S  measure- 
dCer 

NR. CI at: 
'lit liinelia- 

. et al: Ki- 
hTuri nftd 

>: Eff(a of -' M m  12: 

.*nution of 
Sci 108: 

;. 

The apparatus for continuous measurement of the 
.:'e of I'CO, and Co, excretion in the breath is 
5 l a r  to that described previously (2).  The l4c- 
kled sodium bicarbonate was obtained from New 
idand Nuclear COT. with a specific activity of 
- t  mCi/mM. Before use the labeled bicarbonate 
-3\  dissolved in Sterile Saline Solution made slightly 
italine by adding a small quantity Of s d i h  hv- 
::oxide. In all studies (with the exception of Patient 
3 )  1.4-6.3 PCi 1'Glabeled bicarbonate was in- 
cred rapidly as a single intravenous bolus ~ h i l e  
Y palient was breathing normally into the breath 
adYSl5 apparatus. The "CO, and total coz ex- 
mion in the breath were monitored continuously 
P,cach subject for a minimum of 2 hr fouowJng in- 
rrvtnous administration of the label. 
The l+COz excretion rate during any given time 

m-val was divided by the total C02 excretion rate 
:"in€ the same time interval. This ratio was then 

1 - :ultiplied by the average CO, excreiion rate meas- 
5 zed during the study to give a I4CO, excretion rate 

Figure 2 presents an example of the pattern c 5: the given time period which was corrected for 
"CO, excretion in the breath of patient ( JG)  give htr-to-minute variations in total CO, excretion. 
a single i.v. bolus of I4C-labeled bicarbonate. Tf: %e "C02 excretion data obtained during the initial 

Received March 13, 1970; revision accepted s lay 18, 197 Xrelion rates obtained after the initial 3-min in- For contact: H ,  s. Winchel,, Laboratol 
'3'val were analyzed. Such data were fit to a function 

that 
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Tv min were discarded, and only the corrected l4CO, - 
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TABLE 1. PARAMETERS OF EXPONENTIAL FUNCTION USED TO FIT 1 4 ~ 0 ,  EXCRETION DATA 
FOLLOWING ~ 1 4 ~ 0 ,  ADMINISTRATION 

Average Co, 
wgt. excretion mtr 

Patient Age Col 4 ru Lu h h (mMlkg'/nln) 

86.4 0.01028 0.03687 0.00476 0.01426 0.201 0.1455 
78.4 0.00861 0.01382 0.01061 0.01 138 0.1 279 0 1356 

79.5 0.00716 0.00989 0.01544 0.01022 0.1 192 0.1 286 

75.0 0.00658 0.0226 0.00926 0.00972 0.1362 0.1 31 2 
70.5 O.Oo605 0.01 266 0.01 310 0.01 03 0.1121 0.1 252 
81.8 0.00785 0.01944 0.00333 0.01058 0.1 64 0.1538 
80.9 0.00806 0.01 594 0.01 374 0.01 16 0.105 0.1491 
76.2 0.01096 0.02431 0.00403 0.01 636 0.1792 0.2021 
74.1 0.00594 0.01729 0.02492 0.00881 0.1322 0.1448 
63.2 0.00603 0.01 933 0.01766 0.00915 0.1 106 0.1 687 
56.2 0.00529 0.01003 0.00778 0.01013 0.0973 0.1183 

70.5 0.00634 0.01 256 0.01361 0.0091 0.1 119 0.1387 

5 4 5  0.00853 0.01 8 14 0.00149 0.01058 0.1496 0.1512 

kg = tilogrom body weight. 

TABLE 2. FRACTIONAL INTERCOMPARTMENTAL RATE CONSTANTS A N D  CO, CONTENT OF 
COMPARTMENTS SHOWN IN FIG. 1 

0.052 1 
0.0232 
0.01 95 
0.0175 
0.028 
0.0306 
0.01 93 
0.0289 
0.0247 
0.0433 
0.0264 
0.0281 
0.01 65 
0.0275 

0.0018 
1 0.0098 

0.051 3 
0.0547 
0.0426 
0.0548 
0.0531 
0.0370 
0.0423 
0.0523 
0.0421 
0.0582 
0.0367 
0.031 1 
0.0383 
0.0457 
0.0084 
0.0024 

0.1081 
0.0580 
0.0545 
0.0524 
0.077 
0.0731 
0.0528 
0.0891 
0.0453 
0.0870 
0.0726 
0.0561 
0.0434 
0.0670 
0.01 87 
0.0054 

0.0039 
0.0034 
0.0044 
0.0053 
0.002 1 
0.0052 
0.0079 
0.0043 
0.0043 
0.0071 

0.0045 
0.0092 
0.005 1 
0.001 8 
0.0005 

0.0053 

2.43 
5.84 
7.1 1 
7.35 
5.40 
4.29 
6.49 
5.32 
6.04 
4.68 
5.49 
6.00 
4.21 
5.48 
1.27 
0.37 

5.13- 7.96 
6.15- 0.67 
9.1 1-12.35 
7.03- 9.38 
7.83-1 0.68 
8.53-1 2.02 
8.10-11.06 
9.07-1 2.01 
8.oc10.04 
7 .GO- 1 0.47 

10.85-1 4.8 1 
10.83-1 6.25 

7.88-1 1.09 
1.81- 2.39 
0.52- .69 

4.73- 7.86 

* Units of dl a's are min-'. 
t Kilogrom body weight. 
$The lower limit of N: i s  calculated ossuming no COX i s  introduced into Comportment 2, and the upper limif ossumes 011 

COS produced i s  introduced into Comportment 2. In these patients studied at rest, most of the COX produced in the body would k 
espeztd to arise in abdominal and thoracic riscero and little would be produced in muscle and skin. Thus the lower *Ob*  for 
)rk listed i s  probably closer to the octuol mlue of C O r H C O i  in the body in this comportment in these subjects. 

data points are shown as open circles. During the 
initial 3 min following intravenous administration 
of labeled bicarbonate, the breath 'TO, excretion 
rate rises to a maximum and then begins to diminish. 
The biological events occurring during this 3-min 
time interval are thought to be related primarily to 
mixing of the label in the initial pool of equilibration. 
After the initial 3-min period, the rate of ''CO, ex- 
cretion in the breath diminishes in a way that can 

of one of these terms is equal to the measured nUm- 
over rate of the WO, detection apparatus ( 1 ) .  The 
values for the fitting parameters A,, A?. As, rl, 1: 

and a = q s a i d  CO, erarhbn . m t e o b t a i d i n 1 3 -  
Ilscm~II male subjects a n  given in Table 1. 

The compartmental model used to analyze the 
"CO, excretion data is shown in Fig. 1. Since th* 
exponential terms were required to f i t  the 14Co? ex- 
cretion data after initial equilibration had occurred 

be adequately described by a function consisting of it was clear that there must be at least three corn- 
three exponential terms. The exponential coefficient partments in any compartmental model used to ana- 
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Relatively "fixed" CO,-HCO; 

L r 
k 

3 a13 - 
h t 

( '4C02 measuring device) 

! a12 Q 2 1  

i 

I :02 

FIG. r: Compodmentol model used to analyze "CO, eacretion 
. breot: before introvenous odministrotion of "C-labeled bicor. 
:,note. Comportment 1 represents those COPHCOJ- pools that 
':e equilibroled with blood CO-HCOi  within first 3 min ofter 
.Iravencus odministrotion of lobeled bicorbonole. Comportment 2 
?prrsen': those C02.HC03- pools which show significantly deloyed 
!:vilibrc!;on with blood CO4ICOJ. Compartment 3 represents 
: acli\miy in measuring device. Relotively "fixed" CO~-HCOA' 

.taresen'r thot lobeled bicorbonote Ieoving Comportment 1 which 
not ss;nificontly recycled bock into Compartment 1 duryng t ime 
: study. 

jze such data. One of these compartments is the 
xasuring device with a turnover constant (k). One 
'i the two remaining compartments must be that 
mpartment in which the initial equilibration of the 
.!bel occurred after its intravenous administration. 
% such it must include the C0,-HC0;- contained 
iithin the blood, and thus the 14COZ excreted in 
:ne breath must arise directly from this compartment. 
The second compartment must be in equilibrium 
,iith the first. It is possible for I4CO, to be relatively 
i e d  from both the first and the second CO,-HCO,-- 
:ompariments, but in the present analysis the fixa- 
m of I4CO, from the second compartment was c con- 
Iidered to be negligible. 

Table 2 presents the values for the intercompart- 
m a l  rate constants for the model in Fig. 1 ob- 
'lined by analysis of the excretion rates of "CO2 

l Znd total CO, in the breath of the 13 normal male 
I Shjects listed in Table 1. The C0,-HC0,- content 
1 1; Compartment 1 and the upper and lower limits 
:!the COZ-HC0,-- content of Compartment 2 are 
$0 listed in Table 2. 

DISCUSSION 

It is current opinion that CO, rapidly paqses across - - -  
0 ::I membranes. If mixing equilibrium between the 
J xravavular C02-HC0,- pool and the CO,-HCO,- 
cv MI of any given tissue is complete on one passage 
O3 :f blood through the capillary bed of the organ in 

:uestion, then the major parameter which influences 

the rate of C0,-HC0,- equilibration betwecn C0,- 
H C 0 , -  contained within the blood and the C0,- 
HC0,- in various tissue compartments throughout 
the body is the ratio of regional blood flow rate to 
regional C0,-HC0,- content. Using similar reason- 
ing, Farhi and Rahn estimated that the mean equili- 
bration time of bicarbonate in certain viscer,l with a 
large blood perfusion rate is on the order t > f  1-2 
min, while that due to the relatively small \ x u l a r  
perfusion rate of muscle and the large rnwLlie mass 
of the body the mean turnover time of t h c  C0,- 
HC0,- pool in resting muscle is on the order of 
30 min ( 4 ) .  In view of such estimated turnover 
times for the CO,-HCO?- pool in variow organs, 
one would anticipate that C0,-HC0,- in  organs 
with high vascular perfusion (heart, liver. Iidneys, 
intestinal tract) would be a component of Com- 
partment 1 in the present model. On the ot1i.r hand, 
CO--HCO,- contained in organs with a 1 ~ 1 w  ratio 
of blood flow rate to C0,-HC0,-  content such as 
muscle, skin and fat, would be a component of  Com- 
partment 2 in the present model. This arpLirnent is 
consistent with the comparable calculated nicm turn- 
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FIG L. "CO, excretion rote in breoth subsequent to intro- 
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FIG. 3. ”CO: eatrefion rote in breofh expressed os froction of 
omount of radioactivity odministered subsequent to introvenous od- 
ministrotion of 1-”C-lobeled glycine (above) ond 1-”C-lobeled 
propionote (below). Downrlope of “Con excretion curves torre- 
rponding to turnover of “CO? in bod/ CO?-HCOJ- pools con be 
represented by single exponentiol function following odministro- 
tion of 1 .“C-glycine but requires two exponentiol terms following 
odministmtion of l-”C.propionote. 

over time of Compartment 2 (the average value for 
the 13 normal subjects in the present study is 22 
min) and the mean turnover time of the C0,-HC0,- 
pool in muscle estimated by Farhi and Kahn (30 
min). 

Although the brain is an organ with a low ratio 
of CO--HCO,- content to vascular perfusion rate, 
the presence of a blood brain barrier limiting the 
diffusion of bicarbonate into the brain may result 
in a delayed equilibration rate, similar to that cal- 
culated for muscle. 

Blood CO:-HCO,- is unquestionably in exchange 
with the bone bicarbonate. In a standard 70-kg man 
the bicarbonate content of bone is on the order of 
5 moles ( 4 ) .  If the bone bicarbonate pool acts kineti- 
cally as a homogenous compartment, then labeled 
bicarbonate leaving the blood to enter this large 
bone bicarbonate pool would not be expected to 
significantly re-enter the blood during the time of 
the present study. Thus we may tentatively identify 
some of the C0,-HCO,- Iet\in& ihc Xirod destined 
for relatively “fixed” sites with bicarbonate entering 
bone. Further evidence that significant quantities of 
blood C02-HC0,- may be fixed in bone can be 
inferred from thelstvdgeyrofi bjyms and Hunter, in 

% 

-m 
714 t 

which they found significant bone fixation of IIC 

given as bicarbonate in bones involved by tumor ( 5 )  
Another possible site of trapping of body co. 
HC0,- may be metabolic processes which result 
incorporation of CO, into larger molecules (61 
Other sites of bicarbonate loss in the body (fete! 
urine and sweat) probably account for only a smat 
component of the bicarbonate entering relative]: 
“fixed” sites from the blood when the subject is 2: 

rest. 
When labeled bicarbonate enters Compartment< 

1 and 2 of the present model in such a way that tht 
specific activity of “CO, in the two cornpartmen;. 
is roughly comparable at all times, then both of thes: 
body COI-HCO,<- pools act as though they were 2 

single compartment. In such a case, the apparec: 
mean turnover time for the equilibrated Cornpan- 
ments I and 2 for the 13 normal subjects studied ir 
the present communication would be 89-1 10 mir. 
(fractional turnover rate of 0.01 13-0.0091 ,/min) 
Such a situation is approximated when a lT-labelei 
organic material is metabolized widely throuihou: 
the body (e+, by muscle as well as by viscera). Ar. 
example of this type of material is glycine labeled 
with 14C in the 3 1 position (see upper curve, Fig 
3 ) .  When such IT-labeled materials are oxidized 
to I4CO,, the breath “CO2 excretion curve show 
only one exponential term corresponding to the turn- 
over rate of the equilibrated C0,-HC0,- Compan- 
ments 1 and 2 of the model. When a 14C-labeled 
metabolite is metabolized primaril\- in one of the 
viscera whose C0,-HCO-,- content is a componen: 
of Compartment 1, then the body CO--HCO,- p b  
act kinetically as though they consisted of two dis- 
crete compartments. An example of this is shown ir. 
the lower portion of Fig, 3 for 1-14C-propionat~ 
The *I  carbon atom of intravenously administere: 
propionate appears to be metabolized largely in the 
liver, and the I4CO2 resulting from this metabolisr 
is liberated into the blood in a similar way to 
intravenous administration of labeled bicarbonat: 
The breath 1T02 excretion curve shows a definin 
peak in this circumstance with two exponential Corn- 
ponents in the downslope related to internal qd- 
bration of the ‘TO2, thus liberated within the bod!.‘! 
CO:-HCO,- pools. 

SUMMARY 

Intravenously administered IT-bicarbonate is fch 
to rapidly mix with the C0,-HC0,- contained in 
the blood and tissues with a high ratio of blood flou 
rate to tissue C0,-HCO,,- content (abdominal ad 
thoracic viscera, etc.), together having a total co’ 
HC0,- content of 5.5 mM/kg body weight.* l3  
pormd +ut+cts..+n average traction ~f 0.067/& 
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KINETICS OF CO,-HCO,- IN NORMAL ADULT MALES 

this fist pool left to enter a second pool with a 
tal C0,-HC0,- content of 7.9-1 1.0 &/kg body 
:ight. This second p o l  is felt to consist of COz- 
:Os- contained in tissues with 8 small ratio of 
mi flow rate to tissue COcHC05- content, such 
muscle. *In these subjects an average fraction of 

M6,’min left this second CO,HCO,- pool to feed 
ck to the first (corresponding to a mean turnover 
ne of 22 min). An average fraction of 0.028/min 
the first pool left to be expired in the breath, while 
average fraction of O.OOS/min of the first pool 

t to become “fixed” somewhere in the body.3his 
1x4” fraction is felt to be in part related to deposi- 
m in bone and possibly metabolic processes result- 

in incorporation of CO, into larger molecules. 
Iditionally, there is a small portion of the “fixed” 
ction which is lost from the body by excretion in 
ne. feces and sweat. The relative rates of internal 
ilibration of 14C-labeled HC0,- within the body’s 
)--HCO.,- pools appears to depend largely on 
ative vascular perfusion rates of different tissues, 
d the kinetic values herein obtained in 13 normal 
de wbjects would be expected to change in non- 
;tiny or pathological states. 
Analysis of the kinetics of the body’s COZ-HCO,- 
01s should aid in understanding patterns of 14C02 

excretion in the breath following administration of 
various 14C-labeled substrates. 
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