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5.486 3.825 days 
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A* (d. P) 
Br-" (d, In)  

Kr (n, 5 )  
U-n 
IL" (d, 2n) 
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For references and denils ra G. T. %bo 

t 'I rays from radioactive daughters. 

and 1 Perlman, Table of iactopes. Rev. Med. Phys.. 1928,20, 585. 
Also see W a y  e l  d.. Nucleonics. 2, No. 3. Part 2.%ay, i948. 

of the blood, that is gas solubility in blood and the 
rate of perfusion of the tissues by blood. 

&e QQIuremcIlts the d i v e  ruer were intro- 
ducal iata a dored circuit spirometer. The carenpltion 
of g u  ia the spirometer was detumkd by a Gcigy- 
M d k r  counter. In most uprimmtr thir oxmmntm 
was &Id constant throughout the period of ndicactive 

A glance at Table I shows that it is difficult to work gar upake in w,. I,, of 
the %ton and Xenon are much -iden& vhcn the with ndiaactwe nitrwcn beuuse of its short half 13- the spiometcr did not a t e r  into 

ntr of body uptake waa determined The simple method 
suited for m e r  investigations. Fortunately it is per- of musurrment rquired placing a ~ i g e ~ - ~ ~ d l ~ ~  
missible to use thew instud of nitrogen if suitable ter wainst the my rylion studied rod mn&musly 
correction factorr are applied in interpreting the results recording the counting =te.a The rh-hc mp is 
Two kinds of corrections are needed. First one has to shorn in Figm 1, Di;lgrm 1% A counter wu heid 
take account of the fact that the water and fat solubilities in we hmd, surrounded by a l a d  rhield, OJ rhowm in Fig- 
of these gasu are different. A detailed analysis of ure 1, Diagram IC, and the left bee  w u  placed on a lerd 
these solubilities by Lawrence et a[. (21) is summar id  slit, limiting the s l i d  angle of mcnrurment for another 
in Table XI. In addition, another correction factor must counter (Figure 1, Diagram lb). 
be used whenever diffusion of t h c x  gases influmccs the Preparation of the radioa&jve ~ s e r  in the cyclotron 
rate of gas exchange. As predicted by Graham's Law, required special techniques. Except in the cases of N". 

EXPERIYEXI'AL U ETHODS 

Jonu rt at. recently danonrtnted that the noble gases 
diffuse through gelatin membranes at room temperature 
at n t c s  which vary inversely with the square root of 

In the present seriu of testa the absolute mount of 
inert gases in the tissues was emphasized less th- the 
relative rate of their uptake and desatirntion. Prior ti 

the molecular weights of the gases. 
bum oyer a relatively luge 

TABLE I1 

Sdvbiliricr a$ inert gores in tvoln and oils a~ 3 7  C. 

B u n w n ' a a ~ u o n  (two Bmi6wlt f,#um, camcimt 

CU 

Helium 
Neon 
Nitrogen 

=ton 
Xenon 
RAdon 
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L f A D  SHIELD F M  LEAD SHIELD FOR 
YfASURLMLWT OF ACTIVITY YEAWREYEIIT ff A C T M l Y  

w1 THE KMLL RLUON IN THE W D  EGKIW 

MAORAM I b  DUQlUY I C  

Excanxa MUSIJXZMINTS 
FIG. 1. SCEIUATIC VEW OI THE &P*u;ruS US= IOI R A D I O A C n n  GAS 

Dkgrarn I L Spirometer, muk d gas recirculating system 
Dmgrua 1 b. Methcd of measuring ndiolaivity of the knee region. 
Diagnm 1 c Method of measuring ndioactivity in the hand region. 

temperature of approximately 650. C. In addition .to ing its 'I activity in comparing it with a radium standard. 
potarsium, halides of Rb. SC. Sr and Ba have a h  bem During upcrimurtll use the gar Row was regulated by 
employed with no advantage over potassium ds .=tu, the volume measured by a spirometer 
Lithium halide are desirable baaum of their 3% 4% &4).. It is possible to salvage m e  of the 
melting points and hygroscopic propertiu, and :!o~&lifek&ve ~ ~ J C J  after each uperiment for 
salts arc not used beause of the very mtaue ~ t & a & d 3 ~ b ~ c o l l c c t h g  the m i r e  upired air during 
ray activity a r i s i i  from Nan after bomtardment e& :(E *t..:h reabsorbing it in silica gcl at liquid air 
10% of the radioactive inert guea waa collected ' . d p t +  @covery of the  g u u  from the silica gel 
beU jar. The remainder u retained in the At.% zi&a&i& Gt the following mamer. The diu gel 
bomlhrded salt is usually scraped OB the target Slag -:if'd&vf$ &a= oxygen, uitrogq a d  carboll dioxide 
and f u d  in a scaled evlouted quam test tube. r.w, :are f$cdt& &t, followed by radioxenon or krypton. 
m h d e d  gar ia easily driven off at a tanpastwe ,,&xit a6$-bf the or ig id  rodioxmocl or krypton c l ~ l  be 
of 6 W  C. dong with some halogen vapor conta&&& ;. rppv$r&& &is method in the krt liter of gar given 
usually radioactive (eg., BP, 4.4 hourr.; Br", 34 &a@; < o f f . ~ . p \ k &  procurer for -hat different pur- 
l-, 25 minutes). T h w  vapors are absorbed when&-;; 
ing through nlhli d u m  sulfide rolution w 'F& 2 f$ h v - o f  radioactivity necessary for a& uptake 
radicnctive inert gas along with some inactive &I&'- i&+i &cpcrhmt waa about 0.4 millicurie4 a d  
and nitrogen h then collsted in M CvaWted *. 
mort uperLnents 1-2 cm' of arr ier  ma wyu w.2 . ,I 4 %e i twork  w a ~  done, the potential ei%cienq of 
the rample waa compressed in a suitable b o t t l e 2  WeE &#nqT 8unting hnr betn greatly h m u d  by the 
oxmen to--250 Ibdrq. inch. Calibration of the%& prcQof17d ence counters. This will allow the use 
activity w a  accomplished by t&ing a known &I- .$f & @ e s a c t i v e  samples in such experiments in the 
of mixed gas from the compressed sample Ird d- wp 5 ,z 

ip $&de& by Brown et d. (22). 

&I _, sw f g t h i s  mount waa absorbed in the w y .  

0 e - a z % _ o z  
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All data were corrected for radioactive decay by 

deuy constant of the radioactive gar uud;  t is the time 
elapsed since the beginning of the uperimenr 

air and spirometer (20 to 40 seconds half time) 

ties. In searching for a suitable analytical ex- 
pression for the shape of the uptake and desatura- 
tion CUIVS we attempted to divide them into sums 
of simple exponential functions. The hand data The relative uptake and desaturation C U ~ Y ~ S  of 

measuring the cate of gamrm ray c o u n ~  from them of three exponential functions. Analysis of the 
in function of time. A t y p i d  result obtained in knee data that the fastest ‘ the 

diffrent cx ricmvts on the is three components has a negligible contribution so 
s h o w # i g M e r - - q  Sounting rilte waJ 3000/ that the knee data, as well as total uptake data, 

.+g a w e .  ne ucpefi- may be described as the sum of two exponential 
a .m$f# cxactiy on the inter- functions of time. Unfortunately complete satu- 
ducjt$*dom statistical BUW- ration of the hands or  knew was not reached in 
t@b.& Zf 9uanta emitted. If the the three hours maximum period of the “uptake” 
&r&jt& experiment. other de- experiment. Because of discomfort of the sub- 

““tip’*g uch ~~~ rate by e‘‘ where A U the and transportation of the blood to the atremi-  

EXPERIMENTAL PESULTS 

the right hand and left knee nere obuined by approximated by the sum 

it 

from the mask ing air in a well ventilated room, was carried out 

FIG. 2. TYPICAL UFTAXI  ASD DCSATUUTION EXPmxINrs WE RUIOKEY~N 
The theoretical mrvn rcpresmt the sum of three uponcntr adjusted to the &h u de- 

scribed in the text. 

The concca~tiaa of ndiorctive lu in th rpiromw w u  held 
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LO 

The shape of the dutturation curves diaers from 
.he saturation curves. inasmuch as the durtuntion after 
20 minutes uptake doer not follow exactly the same law 
as desaturatiorr aft- 120 minutes uptake. To obtain 
some information regarding the analytical shape of the 
&saturation curves. they were plotted again in Figurer 
3-5 on semilogarithmic scale. It became clear the 
dcraturation curves + may be expressed approximately 
as sums of three exponentially decaying functions of the 
form 

Here c is the time taken for saturation; a,, a,, and a, 
are amplitudes again; 7 is the time elapsed since k i n -  
ning of dedtuntion; Tu. Tu. T- are characteristic 
devtuntion half timer. The mumred valuer of some of 
the wnstlllta "a," and T, are given in Table 111. It is 
found by inapm;On of Table 111. and similar data taken 
on other subjects, that the values T, are about the same 
irrespective of the length of time of uptake, while the 
amplitudes '*a'' are different for the two different ex- 
perimclltl. 

Comparing the constants of the uptake and d e u t u n -  
tion expcrimenta it was found that within reasonable 
agreement of the data obtained the conrtanta expressing 
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It  would appear then that saturation of the 
extremities with inert gaser is not a strictly re- 
versible phenomenon with desaturation as far as 
time dependence of the process goes. One may 
say that it appears as though in the hand there 
were at lost three distinctly different reservoirs 
containing inert gas; they may be distinguished 
by the rrpidity of the dissolved gas exchange. 
The filling of these three reservoirs is somewhat 
independent from uch other inasmuch as the time 
of ming, as dunaerized by the half satundon 

' 0  r a r a n a w ~ m m b  time, falls in a de6nite range. The saturation of 
MINUTES uch ruervoir may k at the present state of ex- 

FIG 5. Purr or DISATIJUTIOM CUXVX 011 S W -  perimena occuncy, =pres& by a single a- 
UXiAUTPYlC PUR A#TR COVnrrr SATU8A- ponmta type funaion. 

TWN Or SVBJWX WITB hDWXXY?lUW 
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Avenge I 21.4 

3 

8 
4 

.lI I 1.3 

Exmining the three components in P typical 
uptake curye one might say that the fastest corn- 
ponent probably ha something to do with the  
inert gas exchange hetween blood and very yu- 
cularircd tissues. The % saturation time (TI) 
for this component appears to be - two to 10 

ponent in a group of young persons varies be- 
tween 50 and &% of the total for the hand and 
17 and 42% in the knee region. If there were no 
third component, to all practical purposes com- 
plcte satuntion of the hand would be reached in 
about 90 minutes and 150 minutes in the knee. 

The third component for the hand has 100 to 
320 minutes half time, with the amplitude be- 
tween 35 and 55%. T, vanes between 190 and 
870 minutes in the knee with an amplitude varia- 
tion of 61 to 90%. 

minutes for the hand.- This component of the 
hand curve accuunts in intensity for 2 to 15% of 
the total radioactive gas content. Its rapidity is 
in good agreement with the direct findings of 
Cook and Sears (24) on dogs, and Ferris 8t d. 
( 15) for tiumms. They find that exchange of in- 
ert gasu’(krypton in dogs, nitrogen in humans) 
with arterial blood is rapid; one passage of blood 
through the lungs is enough to empty or fill it 
with g;rsen to - 80 to 95% of the equilibrium 
value. After a few seconds of transport time the 
arterial b l ’ d  enters - I  hjmd; in i? passage 
through the capillari&’, +# .of the 
radioactive gas to Juuq && q&s PI 
venous blood empty a& gh; .to fh& I@& %ere it 
takes up more. TheLchB”;n’eteti;6c&fc* am- 
ponent is its variabiliq iFh;)lf:japff&.&ne, or 
amplitude ; this is to tg F4 f w r  &a 

c - ’  

Table V shows P set of hand data t&n on dif- 
ferent subjects and Table VI shows the constants 
of the knee region taken on seven subjects. In 
the same tables the susceptibility to decompres- 
sion sickness is shown, as determined in n- 
peated uccnts in the decompression chamber by 
standard uterciise methods. Though gpr w- 

A1 
.4 1 
.I I 
.39 
.29 
.17 
.43 

Avenge I 21 I .32 

I 9 0  

600 

270 
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change has a bearing on the development of de- 
compression sickness, there is no obvious correla- 
tion in the data presented. It has been shown 
with other methods that total resting nitrogen w- 
change has correlation to Ixnds, but also that 
there are other important factors to consider 
(r .g . ,  state of exercise). 

The gas exchange curves presented in this 
paper are reproducible to a certain extent. This 
conclusion is based on repetitions of the cxperi- 
inent in four subjects. It would appear that un- 
der identical experimental conditions and with 
less than a month interval between consecutive 
measurements the individual variations of the 
amplitudes and time constants are less than the 
variations in a group of the same age. It is es- 
sential, however, to note that a change in phyrio- 
logical condition may cause a considerable change 
in the shape of the gas exchange curve, especially 
that of the band. 

A number of experimental conditions were pro- 
vided to study such changes; these proved valu- 

FIG. 6. VANATIONS IN r m  HAND UFTAKC C w w t  or 
A Sui~rcr U N D ~  Vmowr ENVIRONMZNTAL 

CONDITIONS 

FIG. 7. DlWONSlMl lON O? ~ A I D A ~ O N  I N  ?EZ &Y?- ~ 

TON EUYINATION 01 ZHL HAND DVUNG A 
HIGB A r m  FUGEt 

The nce of elimination returued to nom1 rher return 
to ground Inel. Note inacxioD in the curve. 

reflected the state of the vascular bed of the hand. 
No extensive tests were carried out for the knee 
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region; it was apparent, however, that the 
changes were considerably less in magnitude. 

The rate of radioactive krypton and argon up 
take was studied in a large group of young sub- 
jects in short, half-hour tests. An index was 
derived from these data and correlated with the 
incidence and severity of decompression sickness. 
I t  was found that after exposure to low atmos- 
pheric pressure, when the subjects were totally at  
rest in the decompression chamber, the coefficient 
of correlation was very high: those with low gas 
eschange rates got the bends, in contrast to the 
correlation with the incidence of decompression 
sickness after exercise (e.g., Tables V and V I )  
whtn it was low. Since the blood flow or the 
car:rying capacity of blood is an important factor 
i i i  the rapidity of the exchange, we attempted to 
see whether in some way this carrying capacity 
could be increased. Since nitrogen and krypton 
are much more soluble in fats and oils than in 
water. it was thought that lipemia occurring some 
two hours after ingestion of a fatty meal might 
help to increase the rapidity of gas exchange. and 
thus, relieve the danger from decompression sick- 
ness,. Three subjects were given a test of three 
hours duration two hours after ingestion of a 
heavy fatty meal." The rapidity of gas exchange 
of the hand was not altered in these experiments. 

In view of the correlation found between skin 
temperature of the hand and subsequent develop- 
ment of bends pain we attempted to detect a chanee 

UPTAKE A N D  ELIMINATION OF INERT GASES BY H U M A N  BODY 1383 - 
of his desaturation curve in the decompression 
chamber. -4fter reaching normal atmospheric 
pressure, the gas rate of krypton eschange curve 
rapidly reached normal. The changes observed 
fitted quite well with the general conclusions re- 
garding the state of the circulation in decompres- 
sion sickness in a different set of experiments ( 2 5 ) ,  
but they were not early enough or pronounced 
enough to be suitable for a preselection test. 

It was of some interest to compare the rate of 
gas exchange observed on the hand of the Same 
subject using different gases : radioactive nitrogen, 
argon, krypton and xenon. While we are in pos- 
session of some data more work needs to be done. 
The rate of gas exchange as far as components TI 
and Tz were concerned seemed to be proportional 
to the solubility of each gas in water, in agreement 
with Jones' findings for total body uptake. TJ. 
however. in the case of xenon appeared to be some- 
what larger than the value predicted from solu- 
bility considerations alone. 

The inert gases dissolved in the body fluids nlay 
exchange with the external atmosphere through 
tissues other than the lungs. Behnke and his 2 

collaborators have shown that a small fraction of 
total helium exchange of the body occurs through 
the pores of the skin (13). The tnucous mem- 
branes of the intestines, especially those of the 
duodenum, play an important role in the secretion 
of a number of substances. It seemed to be of 
some interest to test the distribution of gases 

membranes. The gas was intro- 
duodenum by a duodenal tube. A 

gas In the hand reached 
curves obtained show wide he did not have any pain. The 

the dud& wall 
they dso depend on the nature of the 
of gas bubbles within the intCStiM1 
Similar experiments were performed 

-- 
a This consisted of Me mjlkrMe,  

one pint of crum. 
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I 1 
-ira 

WTWE OF R-PTON IN HM, AFTER owQN*L 
AWMSTRATY)N Q THE cbs 
Bum.. 4 - Od IL. 

with the p a  administered to the stomach and to change. Vasoconstriction or a d r d i n e  aused 
the luge  intestines. In these latter cases the up- slower exchange. A fatty meol u t m  two h o w  
take was not mururable within the first 30 min- before the krypton exchange had no e f f a  on the 
utes. The rapid exchange of gases from the in- rapidity of the test. 
testind tract to the circulation gives good support The gas exchange of some subjects slowed down 
for r acn t  methods of treatment for intestinal dis- while at 35.000 feet simulated altitude. brathing 
tention. If such intestinal gas consists mainly of oxygen. Radioactive krypton, administered via 
nitrogen, then the excess gas will be absorbed by stomach tube appeared rapidly in the circulation 
the circulation more rapidly if the patients are of the extremities and in the exhaled air of the 
~4vcn pure oxygen. After a number of minute, of lungs. 
oxygm breathing, the dissolved nitrggq 5 t h ~  + The techniques and r&ults reported suggut that 
t d y  becomes unsaturated and the &re %$e radioactive gases have applications in the 
from the intestines becomes accele$ib$; gt&$ gay of the circulation to the extremities in the 
radioactive isotopes may also be use@n*&hphis',yky$%; .U% patient and in nurnerou problems of gas ex- 
study the rate of exchange througir& intc$$$l: &ge in normal and pethologic states. 
wall in n d  and pathological conXjt&nr; ;;. 2 2 ..s 3 

0 - '' ~ ;; < t > ' =  
K S  A C K N 0 W L P X ; Y Z N T S  

SUYYAPY 2 L!.? { '. ( 3  u 
? ~ l > r b u l * o r S w i * t o ~ t b c 6 0 i D c h e y d o t r o a c m  

The rate of change of radioactive .con :I 9 wq for the m d m  of the -; 
cenmtion in the extremities of yokg :-;sui !+$r' w. F. Loomir 4 1. B. M o b  for Meiw 
jlKb has ken studied. If the subjecb $*h$i 
constant concentration of ndiokr&m, :my ~ ,_ 

with oxygen, the uptake and desatu&irr&i&% 2 C E 
oould be satisfactorily expressed as t@ s&n:?f;,#a S &!&pol* H. R. md Grrh, I, Pithog~etic facton 
niore thvr three superimposed cornpotpti,:+& 3 - "p ~ * o * d d  am- ~f d w - b  
ing u simple exponmtipl fwctionaf &j. ttw 

%b  tir rude w- ~d& 
gas exchange resulted in a generallK*t+ ( 5  - Z 

:h -17 P- of this work 
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