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Respiratory System: Nitrogen Elimination 
Hardin B. Jones 

"he characteristic of gas exchange appears to be 
mainly determined by the quality of blood perfusion 
through the various h e s  of the body. Table 1 shone 
a comparison of the time constants of inert gaa ex- 

Reprinted from Medud Phyricr, Vol. 11, Otto Glnucr, 
Copyright, 1950, by the Tear Book Publishers, Inc. 

were done sueasdvely. The mbject 

of radioactive Xe contained in air before 'c 
inhalation. Thus both g-change rates w m  .s 2 2 
exactly simultaneously. The resdta showediCjU,&t$  - 5 
matching of time constanta obtained by PI-@-I-~ 5 0 
d c  analysis of the curves. R d t a  ex t raekqni fhg;  H .= 
cornparatiye studies show that the time c#s@x& __ % 

tained in the same circumstances and thKs$$n&i&eLT $' '= 

period are nearly identical. The a m o u n g  @eraopes p f f 
mses sliminated in each case rue in P ameement 

Resulta are 'ven io t e r m  of time constlots of the 

t Determined aimuluneoudy uaing ndioretivr xenon. 
equation: R - h e -&+ R'r-kr + R"'r-br + . . . . . 

change of helium, argon, nitrogen, krypton urd xenon. 
Regardless of the gaa used, the a idar i ty  of the time 
constant is apparent. Thua to no discernible extent 
are the vduea ked  by diffusion rate or by facton of 
permeability. Additional evidence that the gaa-ex- 
change-rate constenta M determined by the blood- 
he-perfusion rata i~ that the eumr~ted circuktion 
to the body tiao~ea dculatad from the gawuchanga 
rates closely approximated cardiac output, and the re+ 
g i o d  perfusion rata so calculated from gaa exchange 
are uniformly in agreement with other exieting measure- 
ments. 

The idea of inert-gaa exchange depending on the cir- 
culation is not new. Every investigator of the pant re- 
ferred to its probable importance. It has been relatively 
weighted with a permeability factor in theoretical WD- 
eiderations of p a  exchange, and recent extensive theo- 
retical consideration has favored the weighting of the 
permeability factor (Smith and Momlea'). The con- 
verse deet WM eatablthed (Jones ef &*), for it had 
bewme apparent that the time wnatmta a ~ l y ~ d  
from data M on radioactive nitrogen, krypton and 
argon uptake by the hand gave remarkably 8imilar 
time constanta. Experimenta were devi& in which 
whole-body exchange of N; m d  He and of N; and Kr 

k t h  the calculated amount on the baa6 of sol;bitity in 
body t k u e s  (water and fat) and the uptake during the 
saturation period based on h o u n  time constants for 
the subject's gaaexchange. 

TABLE Z . - ~ L A T I ~  DI~FUEJON OF GASCS AT ROOM 
TEYPW- TBPOUGH A HTDPATED GELATIN MEM- 

E-* 

GA8 

h'r 
He 
HI 
A 
co; 
Icr 
Xe 

- 
Nt = 1.00 

0.75 
0.58 0.21 

'The memhmne w a ~  1% gelatin stn!.ched on Nylon 
#toeking, dried and rehydmted. One Nde contained II 
circulatrng saturated solution of thc to be messured, 
md the other a circulating dution oKater free from +e 
p to be m d .  Results were cdeulaLal in relsttve 
termeM 

volume of gas exchanged X dmolecular weight 

If di5usion or a permeabiljty factor limited gae ex- 
change, i t  would be expected that the nsulta would be 
inauenced by the predicted diffusion rate of the dis- 
solved gas which, according to Graham's law, is pro- 
portional to the reciprocal of the quare. root of the 
molecular weight. DiEuaion rata of dholved p e a  do 
behave according to Graham's law ; thin is shown in the 
Consistercy of Munion of diaeolved gases through hy- 
drated gelatin (Table 2). Thua over rlmoit an %fold 
range of relative ditrusion rates (He to Xe, 1.0-0.13 

solubility in water 



DCCUMENT SOURCE 
University of California at Berkeley 

The Bancroft Libraryflhe University Archives, Berkeley CA 
RECW SERIES n n s  

856 RESPIRATORY S Y S T E M  

relative ditfusion units), results in gaeexchange r a t e  gas-exchange rates cnnbemeasuredcontinuously,aaffith 
for the body give similar time constants and the the radio~ctiv~m.exchange method. Experimental . , 
amounts of g a m  80 exchanging can  be predicted from accumulative data are most readily dflerentiated by 
solubility in body tissues. These results leave no alter- obtaining tangents to a smoothed curve through experi- 
native but to consider di5usion and transcapillaric per- mental points. M y  favorite method ia to use transpar- 
meability as factors not limiting the inert-gsssxchange ent p a d e l  rulera Sor t h i  opemtion. One rule is held a t  
rate. Aside from the matter of diEerentia1 solubility a tangential point wbie the other reads the slope from 
in. blood, tissue and fatty tissue, the limiting factor of 0 to 1, 0 to 10 or 0 to 100 min. For gabexchange meas- 
gks exchange is the blood-tissue perfusion rate of the urements, however, the tangent method of obtaining 
body tissues. This implies merely that the diffusion rata from the accumulative curvea is relatively much 
rates of these dissolved gases are very rapid over such levl accurate on the asymptotic portion of the accumu- 
tissue and cell barriers as may exist compared to the lation curve. Rate of gas exchange for the slowest com- 
rate of movement of blood through the capillaries. ponenta is better measured directly a~ rab of elimina- 

The blood-tissue perfusion rate is the volume of tion (inert-gm e l i t i o n / & ) .  In use of the tangent 
blood/volume of tissue/&. I t  alsa is equal to the gas- method of differentiation, caution mmt be used in dif- 
exchange time comtant K, within usual limits of ex- ferentiation and interpretation of published results 
perimental error. In any t k u e  component of the q u a -  where there is likelihood that the gmphic data represent 
tion curvea calculated on the basi of particular theory 

and fitted to the experimental points or am perhaps 
shown without the uparimental determinations. Such 

the amount of blood flowing through that tissue - analysis wi l l  only extnrct a form of the original theory. 
RdPB, where PB - Bolubility of gaa in the blood. Therateisusu&ygivenanrate/min 

(4) 
Total volume of the p a  A in the tissue a t  zero time by 
integration - R J K ,  and volume of the tissue * Ro/ 
oh, where ad - solubility of the &as in the tissue. The The integral relationship of A and R is 
blood perfusion rata then beoomea 

-4, - A s - u ~ d  RI 9 &-& 

I + + Ik ,,,*- bl + . . . I 

( 5 )  

A', ek., represents an amount of Nr associated with a 
given h u e  defined in terms of vaacukrity. A' par- 
ticularly is not the Pj, frnm the blood an theorized by 
Smith and Morald in a nimilsr e x p d o n  of gna ex- 
change, but represents the moat highly perfused tissues 
that mn be detec 

A8-x. 14' kl, A' - x; etc. g+9 QB (2) 

In non-fatty t k u r  41 - aB, and blood-pUrusion 
vol/vol of tissue/& - k. 
CEmRU Gfik-or caLcrrunoh-s 

The accumulated uptake or the accumulated WM- 
tion A is usually cxpraased M the quantity of gas a t  
standard conditions absorbed or eliminated up to a 

GAS EXCIIPNOE OURVE 

o w w m m  
Y l w m  

from the time to the half-value 

Wa. 1. 

&we these data reprauurt the unex- portion of 
tissuedissolved gaea AI 

AI - As' e-* + &'e-b + As"'e-U +. . . . (6) 

given time 1. Exampler of thin treatment am calcul- Fig. 2 horn dematically 
t i o ~  from w m p d  air uptake, radioactive gas a c h r a g s m * ~ t h e i o g o f  
measurements, foreign gm uptale. The gene& grs- time. Dssaturation curvea 
exchange equation of the amount of erchnngeable ~ ~ ~ C t i v e  W have a form s i m h  to equation (4) 
Q 
At - .4,' (1 - e-*) + A,' (1 - e--td) + As"'(1 - 

e-&) + . . . . (3) 

In the di5erential form the gaa-exchange-rate equation Such data mn be trrated M in Fig. 2; tbc difierentiai 
becoma only slightly changed, and th i~  '0" MU- form of equation (6) h the UMt M equation (4), and 
tion (4)) of the equation ia conveniently o b h d  when the in- relationahip the m e  M eqution (5). The 

i 1 ;; u; .i ;' '? -_ L. i 
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semilogarithmic plot of either R,  or At w I may then 
be subtracted into component parts corresponding to the 
portions R0'e-i  etc. The method depends on the ob- 
taining of a complete curve for true accuracy; if the 
data are not carried out sutficiently Long to expose each 

are unresolved and in this case represent neither 
muscle nor fat but a mixture of the 2 which is more 
nearly Like muscle than fat. The time constant hae 
limited meaning in terms of the blood-tissue perfusion 
factor. 

The method of Stevens et d.' is applicable to the 1st 
20 min of the gas-exchange curve. It comprises plotting 
log of rate against log of time. The straight l i e  on the 
log X log plot appears to be due to coexistenre of the 
main effects of '2 esponential components of the gas- 
exchange curve; beyond 20 min a plot of this type is not 
a strsight line (Fig. 4). Although thu method is exceed- 

GENERAL FORA4 OF GAS 
EXCHANGE RATE aJRM 

Y Y b f d u # w d V i r m  
-1 br C-d-, 

-W rur ,  Y A ~  *c. 

w w s o l m  
YlNUTES 

FIG. ?.-General form of p-exchosge-rate curve plotta 
84 log of rate of exchange against time. 

BDHKE'S MEASUREMENT 
CCUSDERED AS A SEMI- 
LDGoIIlTIwc RATE CURVE *' ~ C r * . * f * r I I  
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w m w  

BDHKE'S MEASUREMENT 
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0' 
8 
-I 

w m w o u o  

component, the last component is naturally left unre- 
solved and no guem can be made as to its potenW res- 
olution. Thir fault lied not with the method but with 

cannot be mlved k t t e r  by any other method il they 
are tnJy of indicated egustion. The source of some F I ~ .  ~.-~tevem' gm*xchange-rate cum Iu log 
of the difEdtia in interpretation of N: exchange is of rate against log of time. 
that the gabatchange measurements ha\-e seldom been 
good enough to make exact resolutions of this type. ingly simple and *$s justifiable accuracy, it does not 
The accumulative Nrelimination curves of Bebnke'r d e s  &s# @ &-ore general interpretations of the 
were fitted by him with a %component exponential 7hprJ"afsda *&+@ and vascubity of tissues. 
equation : II p h  2 -  L1 

A ,  - 3 6 ~ ( i  - s - ~ . ~ y  + soo(1 - e-*.wau) 3 
Z 

y-tmue ai sea level contain approximately 
.Because of the difficulty of separating out a 3d corn- ,.@&I wjTp)+EdiQolved NJvol of non-fatty tissue 
:ponent (body tat) in whole-body N: elimination, his @pm+&lf! @5 vol/vol of fatty tissue (Born- 

%&&$ %pt&& llil!;' Grollman;' Behnke'). 
Wkr a &ax$$da%metnc pmnure, the amount of 
-@s@l+Nq+nge&d changes in barometric pres- 
isurg, + &JIgd Jyhuilibrstionbration of the dissolved 

the primary goodnea of the data concerned, for they 1 I J 4 8  IO S O  
vuwrrs 

3-w 9 ,z fi gbCEANQZ OF BODY 

to protect ngainst low-prepnue decompression is known 
M pnmygcndion. The rNe of N: in decompression 
sickness and the oxygenation principle of Nr mturation 
were recognized in 1678 by Paul Bert.' 

W W T U  
ha. 3. 

equation of N: exchange is essentially that of Fig. 3, 
which is the same an that in Fig. 2, but the data have 
been terminated at the point which permits establish- 
ment of only 2 component equations. The relative 
errors in interpretation nre apparent, but they are not 
as serious as might be indicated here. The more rapidly 
e:uchanging component is iittle affected; the difficulty 
ea regards the 2d and last component is that the tissues 

The vascular pattern of the body tissues primarily 
determines the characteristia of the h': exchange of the 
body. In a consideration of inertpas. concentration in 
the tissuea it io desirable to have an undemtanding of 
the vascularization of the tissues, the proportion of 
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arterial blood utilized/min/'tissue or /organ and the 
estimated average rate of Sa removal/min during de- 
nitrogenation. The fraction of Sa removed/min, except 
for body fat, is the same as the blood-tissue perfusion 
factor. A factor of 0.3 m a n s  30% removal of e w e s  
nitrogen/niin. Gas-eschange rate closely approximates 
blood-tissue perfusion rate. The esception is fat. Body 
fat  has about the same vnscuhrity as resting muscle, 
but the relatively high solubility of inert gases in fat, 
as compared with blood. causes the guissschange rate 
for ?r'$ to be slower by a factor of 5 than the blord-tissue 
perfusion rate. 

If current values for the blood-perfusion rates of the 
body organs are accepted. it is sppareut that almost 
*/, of the cardiac output is distributed as follows (see 
also Table 4) : 

Th void.. . . . . , . . , . , 1 . 7 7  (Uenns')* 
Kidney., , . . . . . . . . . . . 2 3 . 0 4  (Smith") 
Heart.. . . . . . . . . . . . 2 64 (Bazettlll 
Smdglands. . . .  . .  1 ~Qiestimateii) 
Brain.. . . . . . . . . . . . . 
Bone marrow.. _ _ .  . . . . . 
Hepntir portal.. . . . . . , 26% (Bradley;" Jones") 

5.3% extrapolated to man from studies in the rat; nc- 
cording to Jones ct0l.l 

This leaves about I / ,  of the cardiac output to supply 
the remainder of the body. The vmdar i ty  of the car- 
cas, Le., the living body excluding viscera, should 
average about 25 ml of bloodfl of t&ue/min. Thk is 
in good agreement dth 1-alues of blood perfusion of the 
carcass including extremities as calculated from radio- 
active-gas exchange (Tables 5-7). 

Except for organs as va~culsr as the kidnq- and thy- 
roid, the measured Sa exchange of the body wcept  
ably describes cardiac output. body volume, percentage 
of body fat and vascularity of the body tissues. It IE not 
possible to e l i n a t e  inert p a w  in the lung spacea r a p  
idly enough to detect the small quantity of Nacontained 
in the kidneys and thyroid. Since the rate of exchange 
of dissolved inert gas in these organs is about 500$,/ 
min, and since the amount of dissolved gas concerned 
is equal to approximately 3 ml, it is imposeible to con- 
duct such measurements a t  the time of washing out of 
lung gases. A short p e r i d o l  hyperventilation is neces- 
sary to remove lung gases sufficiently to pick up the 
inert gases beiig eliminated from the brain, red mar- 
row and hepatic portal tissues. Indeed, even measure- 
ment of cerebral circulation by the iit0 method (which 
is the same gas-exchange mechanism) in di5cult be 
cause lung mixing is occurring simultaneously with 
cerebral NaO uptake (Kety and Schmidt"). 

Nitrogen Elimination from Lung-Gu Mising.- 
Inhalation of Ot washes out h'l from the lung's air. 
The rate of this exponential mixing of gaa volumes in 
described by Darling et al.,l'Batenunl'and Jones.l'In 
quiet normal breathing, equilibration of the lung &aser 
with a newly inhaled gas composition d a s  not approach 
completeness for 5-10 min. Table 3 gives averages of a 
small sample or data (Jones"). The usual normal sub 
ject has 2 major rata of ventilation of the lung-gas field. 
However, other subjects not included in this group 
have only 1 discernible mixing rate, 0.45 min half-time 
(column I, Table 3). Since this roughly coincides with 

1 3 . 0 q  (Kety snd Schmidt") 
6 3 q  (Jones") 

74.4% -- 

a theoretical rate calculated for midng on the assump 
tion that there is uniformity in all parts of the lungs for 
mixing of the tidal and the lung-gas volume, perhaps 

TABLE ~.-MIXIAQ RATES OF Pcutox.ar CAS VOLUME 
DUBlWG ~ ' O E X A L  QUIET BREATHIXG' 

RAPID RATE SLOW R ~ T E  
Vol of resoiratorv . -  

938 2 3 -0 .81  0.71 - 0.091 
l/rtime of equil- 

Time constant. k. 
ibrntioo 0 .45  -0.131uin 1.6 r 0 . 4 m i n  

of equilibraGod 1 55 * 0.49;min 0.44 - 0 lO/min 
~~ 

Subjects were 7 d e s ,  weight 170 * 20 Ib, h ~ i g l ~ t  
70 - 1.Sin. 

these subjects with n single rapid mixing have the true 
normal pattern of lung ventilation. In all subjects with 
histories of asthma there is great accentuation of the 
slow rate. With pulmonary emphysema the slow com- 
ponent is even slower and may approach 3+ 1. Occa- 
sionally there are observed additional slower rates 
of ventilation mixing in the "normal" group. Patients 
n-ith polycythemia vera appear generally to hare 1 or 
more additional slow mixing rates (this study is incom- 
plete). In many normal subjects the pulmonary mixing 
rates M rapid enough 110 that thev do not interfere 
with studies of elimination of dissolkd Nz from body 
tiiues. Even after 5-10 min the usual subject ail1 have 
some lung Nt interfering with measurements of tissue 
N t  unless precautionary hyperventilation is used to 
fluah out the lung Nt. 

Gar Exchange of the Braia-The blood perfusion 
and gas-sxchange rate of the brain are of relatively 
high intensity. The value for cerebral circulation in 
man obtained from the &O excha e @ ?  is 026 1 of 
blood through the brain/min ( K e t p )  n &I&& 
of the NtO method for cerebral c i h u & $ & g y S u ?  o 
Schmidtlz assu4ed that cerebral c ~ @ l F Q p  & tp diird. 2 
throughout the brain. The p y c d h n g e  : jh&g # 
cerebral blood flow and gas exchang&$ju 36ted b~ 
the following evidence. (1) DiiTere3 kd@aAtiw 'g 
&, rad ia t ive  Xe (JonesLa) a@ $ ~ ' ' c K ~ y 1 , p 6 a  .& 
SchmidtI*), give similar values r &b&I ;gasr e& 
change. (2) The total amount of b$@ U 

carotid artery and measuring the dilution in the jugular 
blood, has been used by Gib& e! 0I.I' Their values 
roughly check those of Kety and Schmidt.laAverage for 
7 subjects by the injection technic was 0.62 I/min or 
0.44 vol of blood/vol of tissue/min. Since both groups 
of investigaton, obtain precise calibration of their 
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method vith direct flow measurements, probably the 
difference between the 2 average values is due to the 
small samples concerned; the difference is epproximately 
equal to the standard deyiation of the measurements. 

In view of other gas-exchange studies nnd some pre- 
IiminarJ. studies with S2, radioactive Kr and radioac- 
tive Xe, it is likely that the circulation to the brain must 
be considered to include at  least 2 ditferently vascular- 
ized tissues (Jones el d.'). This vascularity correspond. 
to blood-trssue perfusion mtea of approximately 1.4 
and 0.35 3rrol of b1ood;vol of tissue!min (Jone@q). 
.%pplicntiou of the simplified situation of a single per- 
fusion intensity for the brain I d s  to an impossible 
concept, that of 3 ga.wschange time constant. changing 
d t h  time (Kety and dchmidtI2). The simplified con- 
dition of a single ges-exchange process is roughly suffi- 
cient under special procedures to give total or average 
cerebral circulation. However, consideration of S, 
concentration of cerebral tissue from the standpoint of 
decompression phenomena must at least assume gns- 
exchange rates of tissues as haling 2 deg-4 of vawu- 
larization and thus represented by 2 different, time 
constants. h significant factor in cerebral gas exchange 
is ?;, solubility in brain, measured by Campbell and 
Hill" and by Kety" and showing that brain lipids have 
the same 3'2 solubility as uon-fatty tissues. 

Except for the work of Campbell and Hill," specific 
information is not a.r4sble on rate of total r e m o d  of 
S, from brain tissue during denitrogenation or decom- 
pression. There is reaaon to doubt the nlues of Camp 
bell and Hill because their tissue&, saturation levels 
are not consistent n-ith the increased S, tension. Also. 
the concept of a slooffly saturating brain is dependent 
on a single animal in their data. If this animal is neg- 
lected, the rest of the observations agree with the con- 
cept that the brain has a rapid gas exchange. A similar 
discrepancy is present in their report in regard to the 
rate of liver equilibration with incressed N; tension. 
Again the same experimental animal with a loser than 
predicted saturation supports the conclusion that gas 
exchange in the liwr is extremely slow. In vier of the 
general discrepancy of these data w i t h  recent gas- 
exchange studies, further work on this approach to the 
problem is indicated. However, there ia otherwise evely 
reason to believe that gas exclurnge to most portions of 
the brain is as rapid as indicated, namely, 35% equili- 
hration/min. A h ,  since there are no lipids in the 
brain that concentrate dissolved & ~ e s  (Campbell and 
Hill;L.l' Kety"), the indicated cerebral circulation 
would necessitate that the whole brain be equilibrated 
t.o a changing inert-gas concentration in the l u n g  to 
within 10% of the change in inertps concentration 
b? min after the change in lung tennion of the gas ha.- 
been effected. 

I t  should be expected that ~ymptoms of aemembo- 
lism of the brain should be wen only soon after decom- 
pression. Cerebral symptoms are, in fnct, observed in 
lorn-pressure decomprmion (Engle c( d.;n Lanmnce 
and Lund;ll Coggio and Houck;z* Whitten"). They 
are associated with early severe symptoms, particularly 
"chokes." In some -the cerebral 8ymptoms occur, 
not during decompression, but after recompression 
and again only after severe choken and bends. It is sug- 
gestive that ithe cerebral symptoma--aeotomas, mu- 

sea. vertigo and headachewhich occur after rewm- 
pression are not due to emboli formed primarily within 
the brain but are circulatory aeroemboli nhich are 
lodged in the lungs and with recompreasion shrink 
sufficiently to pass through the lung capillaries and 
to he carried to the brain, where they block certain 
critical capillaries. It is ditficult to predict the rate of 
resorption of an aeroernbolus in the brain, since this 
certainly depends on the efiective vascularity of the 
tissue immediately around the esptive bubble, whether 
or not a thrombus is formed, on the attending degree of 
tissue reaction, etc. None of these factors will operate 
with the same rules that control the exchange of gas- 
eous compounds dissolved in the tissues, which is d e  
termined by tissue vascularity. Behnke** suggested com- 
pression treatment of patienta with such cerebral symp 
tom. 

The brain, then, is relatively protected from super- 
saturation of diesolved gases on exposure to high- 
altitude dewmpression. On the other band, if there is 
a tendency to bubble Ionnation in the brain Comparable 
to that in other body tissues, damage to the brain 
should be more liielg in diving decompression when 
compression is great and decompression rapid ewn 
though exposure to compression is brief. Le., the brain 
is vascular enough BO that during 10 min of any ex- 
posure to compregsed air it is Soyo equilibrated aith the 
SI tension. Other body tissues which have slow gas 
exchange, such an muscle or fat, may be less than 510% 
saturated. Rapid decompression from such a situation 
would result in an inertgas supersaturation for the 
brain %fold greater than that for the tipsues of the car- 

G u  Exchange of Kidney8 urd Thyroid.-These 2 
organs are probably too vaacular (Table 4) to per- 
mit any great supersaturation of dissolved gases for 

cas. 

. 

perfusion is of the order of or greater than a blood flow 
of 1 vol of blood/vol of thue/min. It in not likely that 
an?' of these organs are involved inldecomprasaion dck- 
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nesq since their rate of cleannce of dissolred S! would 
be at the rate of 100% equilibration/min. 

The rapid disappearance of ?;r dissolred in saliva \\-as 
measured during 0, inhalation by Scholander.*' If one 
urn these data as a bisis lor cnlculntion and assumes 
the rate of X8 disappearance from the saliva h be the 
same as that of salivary tissue, the salivary gland should 
be cleared of ?;: at the rnte of jo70/min. The blood- 
tissue perfusion factor of the glnnd ought, therefore, 
to be 0.5 vol of blood/rol of tissue 'min. 

Gas Exchange of Bone Mmow.-Bone niarrow is 
sug,gestirely 3 site of decompression sickness. How- 

still considerably greater than in the other tissues of the 
caicass. 

In caisson disease, as mentioned for the brain, the 
red marrow may be subjected to a less favorable super- 
saturation than tissues greatly more rsscular or greatly 
less vasculrr when decompression is rapid even though 
compression exposure is brief. Red marrow, like brain, 
can saturate rapidly. Ten-min exposure to any com- 
pression should result in i%80$, equilibration in the 
red marrow, but in dcsatumtion this gas-exchonge 
rate can w i l y  be esceeded by rapid decompression. 
Fatty marrow in the same period is likely to be only 

TAR1.E ~.--RECIOS.AL BLooo P ~ s r r s i u s  R . A T E ~  .A,SD DIWL~-ED SI EXCHISCE R.,TES f? b 
E - 

VOL OF F a , M o p  K, 
R E U O v E D / h 1 I s  BWOO, V O L O F  , V O L O F  

T1s.s~~.  M L I  j St. .\IL , L / \ l I S  
Trssm 

1 12.0 5 8: 4 8  Lungs 1Mo 

1 335 ~ 5 0  
Th3roid 
Kidneys 
Heart 300 3 0  (0.13)' ~ ( 0 . 5 )  .idrenab, 7 ml 

- - 
! (0 30)*-0 10' 10-3.0 30 0 . 2  

270 ' 2 7  

Tesips.50d f 75 
Prosme, 23 ml I 
Snli i ar? glands 3.5 
BW.lJl I400 
Marrow (hemopoietic) 1.400' 
He stic portal 

Spleen 150 
Purerear 85 

1350 
Colon 

Liver 1580 

Intestinal contents ( 1 j o o )  

Muscle (40 1)  
Connective h u e  (5 I I 
sliin ( 5  1) 
Fat (12 1) 

70-Lg man, 1.85 89 m 

0.8  

0 . 4  
14.0 

30.0: 

17.0: 
1 . 5  
O.!l 

(100.0) 
Prob -Uin. 
1 0 4  MI" 
0 1 -0 05x0 
(0 35M 2510 
0 2  - 0 1 5  

5 89 -3 0:) 

(1.0) 

0.5' 
0 .5 t  
0 15 

. O  27) 

0 5 (3v.) 
(0 7)  

0 008'" 
Prob.-Wn. 

0 025-0 01 
0 02 -0.005? 
0 07 -0 01 
00054003 

Expertedq (.5.8*) 

From Jones d ai.* 
* From llear~a.~ 
b From Smith." 
* From Bnzett.'" ' From Sebolander." 
a From Ketv.1: 
4 From Bn&tt.l 
lo J0nes.I' 

From Bradley rl d." and Lipcomb and CrandaU.*4 

ever, marrow aerwmboli sre probably more frequent 
in fatty than in hemopoietic marrol~. As determined 
by h e  uptake rate of a rsdiolrctive adloid that in highly 
selected by marrow cells, minimal eirculrtion ta the 
red imarr~w in the rabbit is 7% of the i5rculating blood 
rol/mh (Jones"). These values, trrrlukted to mnn, 
would indicate approximately 300 ml of blood to the 
hemopoietic marrow/min and thu a gaa-exchsnge 
rate of about 15% change/&. T h  intensity of circu- 
lation may be poor enough w that bubbles nre formed 
in the hemopoietic marrow under conditions of decom- 
pression, but the vascularity and gassxchange rate are 



A",. 

or 
0 080 
0.104 
o.058 

8:g 
0.0% 
0.053 

output,'nlin so that the tissues supplied must, from the 

vascularized. E.&, the liver receives 1 vol of blood/vol 
of tissue/min. Liver-yns exchange is complicated by the 
fact that moat of this blood is portal blood from the 
spleen, pancreas, intestines, etc. During denitrogena- 
tion, portal blood would always be many times richer 
in dissolved h'r than the arterial supply to the liver. 
Thus actual p&95xchBnim rate of the liver is consider- 

standpoint of the body average, be considered fairly well 
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the modal vdue of the tissue circulation. The other 
statistical extreme of tissue vascularity b represented 
by r e g i ~ ~  that are momentarily poorly perfused by 
having relatively few open capillaries. In extent these 

TABLE 5.-B~oo~T1ssnr: PERFCSIOX IN Remsa MEX 

Room Temperature 20 C (Jone9.1')) 

R E S P I R A T O R Y  S Y S T E M  

might be an ideal location for development and growth 
of aeroeniboli BS far as the factor of dissolved inert gasen 
is concerned. In  decompression following short com- 
presed-air exposure, fatty marrow and fatty tissue 
ruay not develop a criticnl supersaturation because of 
slowness of gas exchmge of these tissues. 

The amount of blood diverted to the hepatic circu- 
Gas Exchange of Liver, Spleen and htestimes.- (&terhned by hte of AGE uptake 20-25 of mioactive wpton; 

LEG i THIGH -- 

0 040 0 028 
0 012 0 010 
0 032 0 021 
0 026 0 026 

' 
OD81 
0 0-45 
0 040 
0 070Av. 

ably less tha\ the bl&-tirsue perfusion rate, which 
would be lOO%/min with this degree of blood flow if it 
were all arterial blood. It has been estimated that l / r  

I/, of the liver blood comes from the hepatic artery, but 
on the whole the liver can deaturate only slightly faster 
than the other tissua contributing to the portal stream. 
If the total hepatic pahl blood flow and all the tissues 
concerned were lumpd together, average blood flow 
would be 0.5 vol of UbrLl blood/vol of tissue/&. 
Perfusion to the spleen ir known, from the rata of up 
take of certain radioactive colloids (Jones1s), to be a p  
proximately 1 vol of blood/vol of tiuue/min. Thus the 
spleen hould account for only 10% of the loqd per- 
fusing the liver. Another source of port&bko&islthS 
pan-. Perfusion of the pancreas has not &t?uf?a& 
ured by these technics, but even if it ia 
of the thyroid, it could not account for a.hkr$,* 4 
the blood in the portal stream. Thereforet_hqwm port 

or less than average Mood perfusion becaw of random 
pattern of open capillaries. The sensitivity of gas- 
exchange measurements is such that s d l  regions of 
toincidentd exem of functioning capillsriea are easily 
obsend where these regions am present. In such re- 
gions of microscopic dimensions the blood-tissue per- 
fusion factor may be 2-10 t i m a  that of surrounding 
tissues. Average anturntion, neglecting the E ~ ~ O M  of 
high perfusion rate, is readily calculated from gas- 
exchange :measurements and is given in Tablea 5-7 BS 

1 1 5 9  -;2 i 

0028 
0 019 
0 013 
0 025 

I 

I 
I 

1 

i 
i 
I 

Average vdue is the perfusion rate as volume blood/ 
v o l u m e h e  for the whole appodage. 

t Mode d u e s  am for the main tissue M of the a g  
in the hand, 807 of the tissuea have 

gf&%ol c k l d , v o l  of tissue/m?n, whereas the whole 
hand i n  v.aeularized at 0.070 vol of b ld /vol  of tiuue/min. 

amounb are possibly as much m the small fraction of a 
t i iue that M more vascularizecJ than the modal tissues, 
but the method of measurement of these tissues M very 

nsitive because so little blood perfuses them. % rather ditfrcult to predict the minimal values for 
& & r c u l a t i o n  in the hepatic portal circulation since 
3-6 dependent for vaiues of circulation not on gas- 
9-ge values but on other technics mentioned that gig @y average organ-prfusion rates. If one judges, 
'hweoer, from other tissues, the modal circulation of 

~ C i D e ~ l a t i o ~  to the tissues concerned. In absence of 

:i gT2BLE 6 --NITROCES ELIUISA~ON IN hluacun 

- 9$wiuea should be within So% less than the aver- 

1- .. d 

VOL BWD/VOL 
TISSUE/MIN; 
OB FRACTION 

R E M O ~ E D / ~ I I N  

-- 
Av. I Mode 

CosDrnos 

8.E 1 8 8;; 
0.023 0.011 

... I 0.077 o'048 

prick knowledge of the msgnitude of the circulotion 
to the portal tissues, there is no advantage in setting 
up an expression for gas exchangs of the liver except 
that we have remon to believe the minimal circulation 
to the liver would account f o r m  equilibration rate of 
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dissol~ed inert gases of a t  least 10% change/min. 
Proba'bly the liver-gas exchange rate is closer to 50% 
change:min. It is doubtful whether such slow equilibra- 
tion rate of dissolved St as 0.5% chnnge/dn or lese 

* From Jones." 
t From n'hitele?. and .\IcElroy." : From Csnipbell and Hil1.I' 

are acceptable, as would be indicated by literal inter- 
pretation of the data of Campbell and Hill.lS Further- 
more. thii interpretation would necessitate that the cir- 
culation rate lor n d y  the whole liver would be 
somethirig in the ordm 013 d,'l of tissue/min, which is 
scarcely Icolwistent with known values for the mgnitude 
of hepatic circulation. 

Gas Exchange of Skeletal Muocle.-The minimal 
blood supply to muscles, as calculated by rate of 
S, elimination or saturation or desatmtion 01 radio- 
active argon or krypton in plethysmographic measure- 
ments of blood flow to the extremities, and the amount 
of blood perfusing the muscles are in keeping nith a 
general picture of the distribution of the blood such that 
approximately '/,of the cardiac output is distrihuteri. a t  
rest, to the tissues of the carcass. Modal values for 
tissue circulation to the hand, leg and thigh-the latter 
2 presumably referring mostly to the muscle mas- 
are, respectively, 25, 14 and 19 ml of blood/l of tissue/ 
min a t  rest. These values are in good agreement with 
plethysmographic and calorimetric determinations of 
the hand's blood perfusion (Forster d ol.sl) and within 
the order of magnitude of the plethysmographically 
measured blood-perfusion rates given by Fen% and 
Abramson.sz Similar but varying amounts of tissue in 
these estremities are better vascularized by a factor 
of 10 than these modal tissues; therefore, on the aver- 
age, the tissues of the hand, leg and thigh receive, re- 
spectively. 70, 19 and 26 ml of blood/l of tissue/min 
(Table 5 ) .  'Thew values are consistent with %n a ~ l y s i s  
by Whiteley and McElroyM in which the St content of 
blood draining muscle was measured. If these data am 
treated similarly, the time constnnts and amounts of 
SI concerned correspond in an nnesthetized eat to 
muscle vascularity-between 20 and 35 ml of blood4 
of tissue'min on the avernge and. for modal muscle 
circulation. between 1 1  and 12 nil of blood/l of tissue/ 
min-\-alues that are in general goo4 ngreement with 
the circulation factors derived from gwexchange 
studies in mm. 
.b in other tissues. n>ensuwmwk itr ii~uscle ure 

indicative of 2 perfusion factors. This is apparent from 
all measurements of gas exchange. This bimodality is 
attributed to the slight difference in pattern of capil- 
lary circulation in the tissuea concerned, 90 that there 
are amaU areaa in which unit vascularity is very great 
because of effective overlap of open capillaries. There 
does not seem to be any quantitative rule, however. 
for the pattern of overlap of the capillaries; great vari- 
ation is ohsewed. dometinles the amount of such tis- 
sues is as great 3s 10% of the total tissue concerned. 
and other times. less thnn a fraction of 1% (Jones*x). 
.UI measurements of gas exchange in muscles show 

an increase in gas eschange during exercise of the 
muscle. The data of Khiteley and McElroyM can be 
interpreted to show a 7-fold increase in muscle circula- 
tion during esercise over rest in the anesthetized cat. 
In man. from the rate of h't exchange during steady- 
state bicycle exercise (Jones et d.:) it is appalent that 
most of the body musculature becomes rwcularizd to 
the extent of 48 ml of bloodn of tissue/& whepe3-F 
at  rest most segments of muscle circulation may be BS 

don as 5 ml of blood,/l of tissue/nlin. Some of the 
niuscle mass.* such BS leg muscles, which in this case 
are doing most of the exercising, presumably may be 
vascularized to the extent of 240 lul of blocd/l of tissue/ 
min. A fea muscles or a few parts of these muscles may 
be vascularized as much as 900 ml, but i t  is di6cult to 
nuke the deduction that this refers specifically to 
muscle or to certain muscles. In decompression sickness 
the degree of protection from symp~arr l_rd_.d&yc ,L 
St elimination coincides with what we&&-b@t- c 
muscle circulation and St removal ra@ o w  &@e$ 3 o 
There is 1 ill-explained discrepancy: e @@ak+o$ 5 2 
data show exercise combined with pmx$geiiat&%%w 2 
nitrogenation to be  beneficia^ in wing b:%&oiic 3 ,I 
and decompression intolerance. Puti&$JJ.jn&&@ .- - 52 sence of such data we must assume t& 
not confer additional protection when&&&%$?! p 
genative procedures, air~ce combiniOg&x&ti& htk'dk 2 0 
nitrogenization has been shown to m@c&t&&gl+ t@ o) 2 
Kr concentration in musCleS m exerc@m@e?adU 5 
McElroy;" Jones et d.'). An alternatqe.&io&g;5a& * 
be used to knit the theory togethe&&&, &+ t&e 8 
muscles themselves may not be the &t.pPd&mpw-,O 6 
sion 8icknes, but rather that deco&&s+%~ '5 
may be aruociated with tissues.of a G u & t b  &m# m-@ 3 
cularity and gas exchange 88 mt I&, $!a a d &  - 
are most of the errreass tissues a t  z!e f& ' V 
would comprise only a small portio0 c$ t@ bo#$$ E 
might weU be such connective t i e $ ? +  t@ &le h 

sheathes, the tissues bordering the 6% '5 
tions of tendonti, joints, muscle I& @ Q i c d f S i g  
is true, exercise may have no d e c t  on the efficiency of 
preox-genstive denitrogenation; in fact, conversely, 
tliere might be -n to guav that the circulation 
through these connective tissues might just BS likely be 
less under the conditiom of exercise than at rest. 

Circulation to the carcass in man varies coasiderahly 
with age; in youths of 18, rata of Nt removal from the 
cnrcasi of about 2.3%/min are obsenred, whereas in 

. 

, 
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men of 25 the rates are l.l%/min. These values are in 
good agreement d t h  theu susceptibility to decom- 
oression sickness and rates of orotection against de- 

mte. Evidence of non-uniformity of open capillaries in 
[at pads uas dernonstmted by Gemh and Still." Aver- 
age circulation for fat is some 30% higher than for the 
bulk of the fat noted in Table 7 as the mode value. 
In the case of He gae exchange, the fact that solubility 
of He in fat is spproxirnately the same as its solubility 
in blood and other tissues should make the ess-eschanee 

~ 

&npression sickness by preo&enative denitrogena- 
tion. In all c a m  the data are consistent well within the 
e:uperimental error. The lgyear-olds have twice the 
average carcass circulation and gassxchange rate, 
half the incidence of decompression 8ickn.m and tmce 

much efficiency in preoxygenative denitrogenation 
813 those over 25 (Jones*,aJ). The summated data in 
Fig. 9 and Figs. 0-8 express the relationship of nge. 
amass h', elimination nnd decornpresion tolennw. 
The change in circulation with age as indicated by these 
gns-exchange interpretations apparently concerns blood 
perfusion of the tissues of the resting carcass. Direct 
Fick measurements of cardiac output (Gurmnd d 
d*') suggest an allowable inverse relationship of car- 
diac output with age. The magnitude of this effect is 
such that the decrease in cardiac output between IS and 
25 is expected to be approximately 0.3 I of blood/min/ 
xi m of body surface, but this cannot be taken as con- 
fii:ming evidence. If this change in blood flow is con- 
fined to the body musculature, it just accounts for the 
effect noted with age in the gas-exchange data. amount- 
ing to approrinvtdy 0.4 1 of blood/min/q m. Measure- 
ments of 01 d CO, exchange in working muscles give 
additional e v i h  that there is Some change in blood- 
tissue perfusion d muscles correlated with age (Berg=). 
However, correktion of the amount of Kt eliminated 
during the 1st 20 min of 0, breathing Kith age in 
ytars has not been observed, although correlations of 
r = 0.68 were obtained with body weight (Stevens 
e! d.9. Eievertheleas. thia is reasonable if the decrease 

rate of fat as rapid as that of body rnusGe, since &e 

MINUTES 

In 
(u 

in Nzelimination with age is due to muscle circulation, 
for in 20 min only a minor part of the muscle h': would 

is to be expected, since the 
periods of time long enough 
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have blood-tissue perfusions of 0.0038-0.0014 yo1 of 
blood/vol of tissue/min. Gss-exchange values of this 
rmgnitude are apparent, but within the accuracy of the 
data this rate can be due to fatty tissue alone. There- 
fore, there is no evidence directly from gasischange 
data indicating normal blood-tissue perfusions of the 
magnitude of 0.0014 vol of blood/vol of tissuejmin for 
non-fatty tissues, but it is possible that such tisue 
esists. Perhaps tendon, cartilage, etc.. represent even 
poorer vascularization. However, some individuals re- 
quire 3 4  hr of denitrogenation to experience only 50% 
reduction of decompression symptoms (Bateman"). 
In these cases fat Nr may indeed play an important d e  
in decompression sickness. Such behat5or is not to be 
expected in subjects of military age who, for the most 
part, were studied by the rarious aeromedical labora- 
tories. In these studies the established major rate of 
protection by denitrogenation had approximately a 
30-min half-time for the 18-20 year group and one of 60 
min for the group 25 yeam and older (Bateman;" 
Jones"). Both are in agreement with the gas exchange 
of the non-fatty portions of the carcass. 

Gas Exchange of Skin.-The values s h o n  in 
Table 4 represent an estimated breakdoan of car- 
c3ss Nr exchange. No d u e  for drin-gas exchange are 
directly avsilable exmpt for the hand and Lingers, 
n-hich are probably not np-tative of the rest of the 
body. Skin ia d ta hw the  me value ns that 
estimated for the caro~~. Difhlsion of !G and He across 
the skin has teen studied by Behnke and KiUmonaa 
and Eggleton d d." Fortunately this d e e t  does not 
come into the radioacti-schmge methods. on 
which the critical concepts of this gas-exchange thesip 
are based. However, in 3- and 4-hr NAimination 
studies I hare made without an oxygen suit there does 
not Beem to be a constant factor of Nr e l i t i o n  of the 
order of magnitude noted for skin difIusion of He noted 
by Behnke and W i o n  or of Nr in the Eggleton dab, 
obtained with dogs. This lack of agreement may be due 
to a Merent degree of vascularity of the skin ns a re- 
sult of environmental conditions. 

RELATION OF GAB EXCH~NGE AXD C ~ x m u n o N  
Although all students of exchange of dissolved sub- 

stances have considered the partial importance of the 
blood perfusion in exchange equilibration, none har 
pointed out that the exchange process for simple dif- 
fwible substances is limited by the circulation alone. 
Kot only is this the situation with the dkolved inert 
gases, but it applies to iodide and probably to sodium 
The thyroid can remove nearly all of the inorganic io- 
dide in the perfusing blood and the thyroid circulation 
can be calculated (Jones e f  dS). The rate of removal of 
iodide from the blood is the blood-perfusion rate of the 
thyroid where the volume of blood perfusing the g h d  
= the time constant (E/min) x the iodide space (which 
is in equilibrium with the blood). Further evidence thnt 
blood-tissue exchange is limited by circulation is found 
in data obtained by Sheldon." He demonstnrted that 
the chloride ion transfer from perfusion h i d  through the 
intestinal tissue to the wnshed lumen of an isolated, 
perfused frog gut W ~ S  proportions1 to the hydrostatic 
perfusion pre%sure. He also showed that the volume of 
h i d  Bow in the intestinal loop is proportional to the 

I I 5 q . i  :: (J 

hydrostatic presaun. It would appear that in such a case 
the exchange of polrssium chloride into the gut lumen 
from the perfusion fluid ia limited by the tissue-per- 
fusion rate. 

Differentiation and analysis of Behnke's' He curves 
give resulte in agreement with my NrHe comparisons 
(see Table 1). The Behnke data resnalyzed consist not 
of 1 component rate but of 2. The 1st component is 
difficult to approximate from the limited published 
graph of the dah ,  but the major portion of the ex- 
chnnge lor h'r and He, respectively, are time constants 
of 0.0083 and 0.0073; the slight diflerence is account 
able on the basis of incomplete resolution of the gns- 
exchange rates and resulting inclusion of a greater fa& 
gas exchange dect in the case of IT, than in the case of 
He. 

Each inert gns, then, is exchanged a t  similar rates 
in the body tissues except as noted in fat, where the 
eschange rate dflers from the blood-the perfusion 
rate by a factor of the ratio blood uolubility/tiue 
solubility of the gas concerned. As noted by Hsggard,41 
s gas of very great water solubility would depart from 
the general gas-exchange rule since lung clearance be- 
comes a factor. 
T h e  similarity between the gas-exchange-time con- 

stantd and the time constants of miring of substances 
introduced intravascularly has been pointed out (Jones 
el d.'). Also, the dilution cycles of intravsscularly in- 
jected aubatsnces such as sodium ion depend on the 
blood-tissue perfusion rates, and the time constants of 
equilibration dilution are similar to the blood-tissue 
perfusion rates obtained by the gss-exchange method. 
A literal interpretation of this concept requires more 
exact knowledge of the sodium spaces of blood and 
tissues. A d i u m  curve calculated from Gellhorn's4* 
data gives the following equation for dilution in blood 
of radioactive Na folloning injection in dogs (Jones e f  

4.l) 
c, - 1987r-1.1m + 5&-a.*aia + M1e-a.nu + ~ - a . o o * a I +  

(amt of Ns unercreted) (7) 
whed (& +!cQha%f@tJjn of Na in the phma at any 
t i m a &  of Be +t .ed N r e s c h g e  curves ob- 
tain@ * niAn$d$r$$be amount of NS contained 
in t f i  ~ $ a t $ n # G i &  

- c i.I 9B(k-*.-" c C . Z  

- $J&.&u + & q t E . "  + 42&-a.nu + 
N21 E 2z 3 E ;! + ~ - a . w * Y  (8) 1 J - O  n . ; c =  
The'ist9 ~ r &  & ambF (8) include some lung Nr. 

FF&qgMcunge&&es w i q  gsses of difierent 
sol&tie$?arid 3l t&ii/water solubility ratios. 
one'b<$&di& bOga my fat to be concerned with 
5 t h & G e $  ggS Qc e in equation (8). The blood- fatfe3eIan8 @ #&bject would be 0.0024 X 
5.2 Yakrmbrbinyrhtio) - 0.013 1 of blood/ 
1 o a & n . a a ~  (B W M  constructed from the 

7a-1.Y + (2300e-L.W) + 

ponents are lung Ka. From comparison of equations 
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(8) and (9) it is apparent that 83% of the N* of the 1st 
2 components of equation (8) (obtained without lung 
hyperventilation) is due to lung gases. In equations 
(8) and (9), item 42sC-032'y matches the theoreticalitem 
of modal muscle 5ooc-~~'y;items 95c-0.00uand looS-'~W' 

are presumably representative of intestinal gaseous 
Ei,; items ~iooC-o~ooxw and 4ooa-o~ooL' are the oompo- 
nent of botlp fat. Addition of all the i tem of equrrtion 
(9) gives an amount of X2 in excess of the expected 
amount in terms of body bulk and fat and the phyydcal 
solubility of S, in each. In equation (8), approximately 
250 ml OS K2 is from the lung gas spaces, and approxi- 
mately 95 id from the intestinal gases; akin tramfer 
appars  to be a negligible amount. Lung Xr is difficult 
to eliminatq and vigorous hyperventilation with Ol 
is the only method of removing its influence on the h ' ~  
elimination curve (see Table 3). I t  is suggestive that 

'the data of Behnke el  d." (see also Fig. 4) an a ~ l y z e d  
into 2 components account for the total bulk of the 
body, despite disregard of body-fat nitrogen, by coin- 
cident inclusion OS some lung K* with component I and 
inclusion of intestinal ?;, with component 11. Thus 
Behnke's "fat" component appeara to be in the cor- 
rect order of magnitude hy the summation of muscle 
5xt and intestinal Ss, and the "water" phase of the 
body could appear rewombla by the inclusion of very 
small, but difficultly rmwvui, unounta of lung air, 
N, Elimination A. Mumn of Cardiac Output- 

Shortterm &elimination mesmmmenta hare been 
concerned with the minute vololurrm of circulation 
(3farshaU d dM) and lung waahingout time and with 
measurement; of the 1st elimination of body NS (Mar- 
shall el d.2' Darling ct d.;"~" Gournand, st d.;" 
Stevens d d.$). They eatablish the rapidity of the wash- 
ing-out of NI from the normal lung, the n o d  mpid 
and nlmoat complete dearanw of the arterial blood 
and the general correlation of body aize with the quan- 
tity of NX eliminated in the 1st few minutes. Precise 
use of PITt to obtain the minute volume is W o w e d  in 
my opinion. The best value that can be obtained is 
cardiac output minus blood perfusing the heart, thy- 
roid and kidneys and wrtiom of other tissuea much as 

. 
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be made more inclusive of the minute volume by in- 
tensifying the hyperventilation period to rinse the lung 
out thoroughly. There is, however, a definite limit 
impoaed by the kidneys and thyroid (Table I), for which 
tissues there is only 3 ml of N:, which is half eliminated 
every 6 nec following 0, inhalation. 

APPLICATIONS or Gns-Excansc~ STUDIES 
Uae of He in Decompression Sickness.-S3yers 

el  d." suggested w of He41 mixturn to iuitigate the 
=verity of caisson disease.2 The suggestion was based 
on the physicochemieal properties of He, namely, that 
it exhibits much lower solubility in tissues than N, and 
that it ihould ditfuse mom rapidly into the body 
tissues because of its greater difiusion rate. Use 
of HeOx mixtures permita divers to work at  grater 
depthsand to be decompressed more rapidly (Behnke'). 
Part of the effect of He .seems to be elimination of Kx 
narcosis. The other beneficial results in the hght of gas- 
exchange meaourements are not so easy to analyze since 
the gsDzxchange rate of He in the body is not influ- 
enced by the great diffusion rate of He. Helium es- 
change is the name as NX exchange except as regaids 
body fat. Possibly the fat effect accounts for relative 
safety of rapid decompression rates of divers using He 
Jthough, an a theoretical basis, as in the cam of the 
brain and bone marrow discussed earlier, in urpoaure to 
He the fatty tissue is naturated more rapidly tlisn with 
Kx. This may make this tissue somewhat more prone to 
a critical State of mpereaturation in certain conditions 
of c o m p d o n  exposures and decompression rates. 

Representation of Intestinal-Gu Nc in Gas- 
Exchange Meuurements.-InteJtinal gases include 
a portion of exchangeable NZ which ia eliminated 
through the lugs during Ot inhalation. The Ox can- 
centration in such gas pockets of the intestines should 
be rather conatant and low because of the 0: tension 
buffering of the blood and the rather high metabolim 
of the intestinal cella and bacteiia. The N. of the c u t  .~ .~.. 
diffuaesout progressively during Ox inhaition and is :it 
exchanged for Or molecules. This leads to reduction of 

to hegin meanurements after 5 min of 01 inhalatioqE 
The method conaistt in extrapobting the redolvw& 

I I I 
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Sirnilariits. of Preorygenation Protection Rates rad 
NI Elimination Rater.-Three experimental groups 
are considered in comparison of rate of S I  elimiuation 
to rate of protection to decompression sickness by pre- 
oxTgenation.0 Both the gweschange data and the 
preosygenationdecomp~~ion data have been sub- 
jected to the same type of semilogarithmic graphic 
:analysis. The times of S, measurements were ahon 
(Scr-SO min), and thus it is improbable that greater 
resolution of the Xl curve could be effected than into 
the 1 approsimnte components. The 2d component. 
which ii ill be the 1 considered in detail, is an approsi- 
nu te  measure of the average change 01 S, content oi 
the cnrcass and its value in these subjects probably 
chiefly determined by the muscle mass of the body. 

Ideally, all gas-exchange measurements should hare 
keen followed lor several hours to permit accurate re- 
construction of the component parts of the total e l i i -  
u.ition curre. By theory, these components represent 
tissues classified chiefly by the rate of blood flow/col- 
uiiie of tissues and also by the dissolved-gas distribu- 
tion ratio between blood and tissues (equations (I) 
and (P)).Thelpst coniponent~lvedissubject tosome 
his ,  depending on the magnitude of the components 
of slower mte of time change that are left uoresolwd. 
The "components" themselves are an average of tis- 
sues haling approximately the =me gas exchange. 
TteoreticaUy, it would be expected that there might 
be a completa continuum of degrees of vascularization 
in the body tiam~es. If the tissue volumes were evenly 
distributed in thin continuum, semilogurithmic analysis 
of this data would have failed, and the dnta would 
hnye been resolvabte only as a series of tangenb to a 
continuously curving total semilogarithmic plot. How- 
ever. the tissues actually cluster a t  several points on 
the total scale of vascularization and these distribu- 
tion centers correspond to the gasexchange c o m p  
Dents (noteTables4-7). 

1. The data reported by Stevens" hare beeu re- 

disregarded. Theoretically, the visceral tissues should 
be too rapid in gas equilibration to contribute to decom- 
pression effects, and, practically, there neems to be no 
suggestion of their having a limiting r6le in decompns; 
sion sickness. It can be seen from Fig. 6 and comparison 

4uI moxYwun% 

Fro. 6.-&milogarithmic curve of combmcd K,.elimina- 
cion data and preoxygenationdecornpres&on (altitude 
35 OOO f t )  in 27 subjects (Stevens r( ai."). 

n-ith Tables 4-i that there is a rather exact coincidence 
between the svemp rate of Nt removal from tbo car- 
cass and the rate of protection against decompression 
rickuess br O? inhalation. 
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3. .halysis of preosygenntion protection in younger 
groupe at  38 OOO ft is possible in 2 instances. Data on 
1 group, compiled by Gr3y',5L a t  hndulph Field, are 

m -DII 

FIG. 7. 

at 38 OOO ft is approsimtely 20 min. This is strikingly 
difierent from the older groups previously discussed, 
in which average preoxygenation protection half-time 
was approximately i o  min. Furthermore, there is still 
a discrepancy, discussed later, in that the protection 
hlf-time of 20 rnin is even faster than the average of the 
2d component of K: e t ina t ion  for this group, 33 min 
hall-time. 

Age range of a 2d group, studied by the Aeromedical 
Unit, University of California (Henry el d.')), was ap- 
p r o h t e l y  the same BS Gray's. This group was tested 
at SO00 ft with a standard step-up exercise (ten 
%in. step-up every 5 min). The points of time are ap- 
prosimately 0, 12, 51 and 111 ruin of preoxygenation, 
respectively, a t  rest before decompression. Data are 
given in percentage of descent due to decompression 
sickness and plotted on a logarithmic scale against time 
of preoxygenation. Thin method of plotting is compam- 
ble to the plotting of the N t 4 l i t i o n  curve and 
to the plotting in the 3 previously cited groups. How- 
ever, in this instance, a straight-line relationship is 
not achieved with this semilogarithmic plot; Le., the 
change of the log of percentage of descents against time 
is not compatible at once with our idem of S: elirnina- 
t.ion from the body. On the =me graph (Fig. 8) are 
shown the data obtained by Gray'J1 for a group of 
approximately the same age over the same period of 
preoxygenation. The d~erence  here is that Gray's 
data uere obtained on reafing subjects, whereas the data 
from the California group were obtained during the 
atandard step-up exercise at altitude. In the case of 
permntage of descents under resting eonditjom, there 
is a s t ra ighthe  ,.&tiomhip of the log of the percentage 
of descents 
would be compatible with a Xrelimination half-time 
of approsimately 24 min and i6 considerably faster 
than that of the 2 groups reported previously. Still, as 
will be shown later, this can be in good accord with cur- 
rent knowledge of h', elimination. 

I t  appears in the data of tests at 3SO00 ft equivalent 
by the California group using the standard step-up 
exercise that the curve is approaching Bone kind of 
horirontal asymptotic l i t ;  Le., after 1 hr of pre- 
&iybktion there is little improvement in protection 

&iaddtional hour of pnoxygenation. Thus a con- 
ti& iS proached wherein, no matter how much pre- ' t% ia applied, there wil l  be no additional pro- 

a n h o o d  thin limit. (However, if Cot is involved 
@ tejifnx6cise limit, it may be possible that it will be 
#es& @y within certain levels of t i u e x ' ,  eoncen- 
lwatiprt R ia assumed that a specific effect of exercise 
n$p&-ing symptoms in ex- of those which would 

arc@red even under sitting-resting conditions 
@k&t$rmore,  that this eflect Was not related to 

qfj &eoxygenstion. Accordingly, the dah have 
beeg BB~W to wepprate these 2 effects. If this limit 
Wdraa e i g .  a), the d i f fmce  between the amount of 
&&&@ue to the exexbe dec t ,  which is approxi- 

descents for any period of preoxygenation, 
perentage of descents ahould, ac- 

for young subjects with interv.ala of pmw-genation 
from c' to 60 min before a Stadard resting Bight to 
38 OOO ft equivalent. Percentage of descents plotted *inst preosygenation time. 

f$n&t@@ud this group rested at  altitude instead of 
@ e & i g P l o t t i n g  of these differenas (shaded a m ,  
s n 2 S  

.- n -  1 

FIG. S.-Tests nt BOO0 ft Using at.nndardPs5 ' p" 
exercises, showing little increrse in  protection&&$^-$ 
tiooal hour of preovgenauon (Grv?rJ1l Henry a&aTJ.$ $ 
on a logarithmic scale against time of preo&e&tiiin, 
(Fig. H) gives a good indication that the &t&t@tG 
tdl-time of these subjects under resting c@ti@ 

u ? 5  E 

0 
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Fig. 8 )  shows that the data predict those obtained by 
Gray. Approximately the same incidence of s~plptoms 
or descents as is observed in Cmy's data b predicted 
in the California data, and the protection hall-times 
are similar. 

In every fractionation of these data the same qwn- 
tity of exercise limit is seen. I t  doea not matter (Fig. 8) 
rvhether percentage of s)mptoms or percentage of 
descents is used; the results are similar, and the exercise 
limit in relative magnitude to the whole data is a p  
proxhatelj 49% in either instance. It hs also been 
possible to obtain the same e5ect using time to onset of 
symptom as a criterion of measurement (Jones"). 

A 3d anal* of data from thia group is possible, 
namely, incidence 01 cheat symptoms. Fig. 8 giver data 
for combined descents from both joint and chest pain. 
However, the extremely low incidence of descent from 
chest pain in thin group efiectively m l v e s  these data 
into joint symptom alone. Bridge et d." compiled the 
incidence of chest symptom of the same study, and 
analysls of their tabulation of the incidenec of chest 
symptoms by plotting the log of the percentage of in- 
cidence against the time of pmxygenation indicatea 
only a single component of 35 min hdf-time prokc- 
tion. From this rnJydr the deftrite statement can be 
made that t h e r e k a o ~ l i m i t  to the cheat rymg 
toms even though tba eaercme limit is apparent in 2 
analyses of the joiut symptom in thin same group of 
subjects. It is logical b t  the symptoms as3ocLted 
with the exercise limit h u l d  have occurred M joint 
pain. This would be in agreement with the hypothesin of 
Lund and Lawrence" that decompression- joint pain 
is produced in the extrafascicular spaces of the muscles. 
It is also possible that the e x e r c k b i t  effect has ita 
origin in an increased loa1  concentration of CO,. Such 
a conwotration might attain l o d  concentrations many 
times greater than the dissolved nitrogen coneentra- 

the metabolic rate in the morning is loser than in the 
afternoon in these same test subjects and the gas- 
exchnnge rate is slower in the morning than in the 
afternoon. These vnriutions would account for a large 

. . 
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FIG. Q.-Generd rehtionahip of age, circulation and 098. 
exchange and mtection rates of pmxygenation ahown in 
individual rnagroup decompression 1c0m EA, averup 
individual protection ram (Batunacla). Ave h 
elimination c- for q e  group undar 24-E,%k; 
S Stevens and Ferris; J Jon- (I, f&& curve. 8 rlownc 
c&e; s, rastast CUM b d  I ,  a v m w  c m  oi is,T-,m 

rrcmtage of aymptomr retained, 17-p0ld 
et dY); 8, parcentace of  symptom^ retained, 
; 7. parcenl.ps .oI symptomr retarned 

ate  losr of protection during 1 hr of 

I 

tion. . 8, dowest mdmdud protection rate) 
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Henry et a!.&'). In  the afternoon, when metabolic and 
gasexchange rates are greater, data for descents are 80 
curvilinear that there is practically no gain in the num- 
ber of descents at 38000 It. These 2 separate groups 
Bppear to give DO support to the bubble theory of the 
origin of decompression sickness. 

JOINT AND CHEST SYMPTOMS 

supply during the tat fight (incidence 2iG with mild 
anoxia, 45% with full Or). hfensured arterial satura- 
tion for these subjects averaged E%. The explana- 
tion of this effect is either that the anoxic stimulus to 
circulation inere3ses Nt exchange or that the severity of 
symptom u lessened by cerebral depression, or both. 

To study this hypothesis, several subjects were .se- 
lected whose Nreliminntion curve could be followed for 
2-3 hr on s fairly exact %component curve. Thus, the 
main body component of Naelimination offem a straight 
reference line on the semilog plot from which chnnges in 
gas exchange may be referred during a period of 1-2 
hr. A typical data sheet is shown in Fig. 11. The solid 

MINUTES 
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FIG. l(Y.-Decompr&m MII toma analyzed by pIot h 
ting atmospheric p- (mrh $) of teat altitude against I- 

percentage of dwcentr, rhowing diaerencea in morning % 
and afternoon. U 

e l h b t i o n  at 18 

output is b o r n  (Grollman'). McMi 

decrease in resting cardiac 

slpficant effect (N - 22, C.R. - 2.6), Smith'' re- 
ported that symptoms were decreased at 35 OOO ft if 
the subjects were mildly anoxic owing to restricted Os 

02 is inhaled. In a 
seems to be no evidence that t h i  effect might be - 
ciated with a change in pressure per I ,  since no c h g e  
in Nrelimination rate is obeerved up to 35 WO ft; this 
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is in agreement with the observation that them is no de- 
tectable change in &excretion rate up to No00 f t  
(Shan e1 d.‘*). A decrease in rate a t  altitudes 6 indi- 
viduals having decompression sickness has been pre- 
dicted from the fact that some of the body’s dissolved 
gases become t.ransformed into gaseous pockeb that 
are more difficult to eliminate than dissolved gases. 
From estimtion of collections of gas pockets in ment- 
genogramr of body appendages at altitude, it is prob- 
able t h t  less than 1% of body SZ is so trapped under 
the conditions of decompression sickness ordinarily 
wen at altitude. It would be extremely difficult to show 
such a minor effect by the K,-eli&tion method. 

blI measurements of Nz elimination in direct mm- 
parison to decompression testing have been made with 
resting subjects. It might be expected that if mild 
anoxic effects could be detected at  rest a t  38OOO ft, 
the effect would be greater under the mnditiona of 
erercise used in most altitude decompression testa. 

I t  appears that the longer a group preoxygenates the 
longer i t  can stay a t  altitude before onset of symptoms 
in the subjects in whom symptom are dedned to ap- 
pear (Jones;a Henry d al.IZ). An inc- of about 15 
min in average time for onset of symptoms is noted 
with 1 hr of prwxygenation. Thus, with 1 hr of pre- 
oiygenation, tba true S r e l i t i o n  t i e  might really 
be equivaknt to nearly 75 min of pmqgenat ion 
inrtead of Bo. Furthermore, the additional gain in S,- 
elimination time Q spent at 38 OOO-ft altitude, where we 
expect the Krelimination rate to be increased. In con- 
sideration of these 2 effecb it is apparent that the time 
scale of preoxygenation used in Fig. 8 eannot be strictly 
equivalent to the real time scale of denitrogenation. 

Hovever, some data of Gray‘: indicate that 0,iahrrlk 
tion time spent at “prebend” altitudea (2OWO- 
28 OOO ft) doea not strictly add to the general preoxy- 
penation time. (Extrapohtip 

inin half-time and preoxygenation protection half-time 
for a 38 OOO-ft flight k 24 min, the eatimrte of 8 min 
r h r i  of the Uf-time of decompression sicknesa 
protection by preoxygenation is rearonable. 

Prediction ot individual susceptibility to decompres- 
sion sickness or individual protection time of preoxy- 
genation has been rather discouraging. Correlation of 
X’relimination rate and decompression sickness has 
been observed rep ted ly ,  but the values have not 
been high (Stevens et al.;‘*%‘‘ Henry el d.“). Some at- 
tempts hove been made to increase the accuracy of this 
prediction by mesuring the S&limination rate for 
1 hr before flight. Protection levels of tissue P;, have 
been roughly estimated to be 10% of the equilibration 
level aa ulculnted from the time necessry to acquire 
protection and the r3te of the individual’s mnin “car- 
cass” A’: elimination (Jones“). The method is not v e F  
accurate because, for an individual, there is only a 
probability that the “critical tissue” matches the 
modal value for the “carcass.” The interpretations from 
curves of individual protection rates with preoxygena- 
tion by Clark et d.” and Bateman“ are better guides 
to the characteristics of the “critical tissue” in indi- 
viduals; direct comparison with Nt elimination has 
sufficient accuracy only with group measurements. 

The discrepancy of individual protection rates is per- 
haps comprehensible: there may be. individual varia- 
tions in actual formation of bubbles; body fat may occa- 
sionally play a r61e in decompression sickness, and it 
is not taken into full account in the theorized protection 
level of N,; last, the curves of Ntel i i t ionpresented 
here are a sort of average for a certain group of tissues. 
Many tissues, aa classi6ed by gas exchange and vascu- 
larity, must exist that have a faster or a slorer gas- 
exchange rate than the component of gas exchange that 
represents the bulk of mch hues; when iuch tissues 
exist in small amounb, they are msaked by the rela- 
tive m m  of diflerently vwulariscd tiasUes. Thus in 
prediction of an individual’i protection rate or protec- 
tion level, there is fair probability that the “limiting 
tissus“ of hin body will lie within hk “average” gas- 
exchange component. However, it may not. In fact, the 
limiting or critical tissue might in any instance differ 
radicdly from the average or the modal value. In group 
data these deviation8 tend to cancel themselves, and 
the large group lrhould and does give Feasonable agree 
ment with m m p h n  of decomprsadon phenomena to 
gssexchmge predictions, despite the fact that pre- 
diction of individual protection ir fraught with great 
variation. 
The stability of the probabitity of group performance 

can be aesn repeatedly in the data analyzed here. In 
Figs. 6-8 there is a remarkable moothness in recession 
or p r o m o n  of group rveragea along the curvea of the 
graphic analyses. The wincident reliability of group 
prediction of NI elimination and decompression sick- 
nem of groups Q made we of in Fig. 9. 

Fig. 9 i used aa a ba& for selecting required preoxy- 
genntion times. Loss of protection by 1 hr 01 air-breath- 
ing h dso ah0wn.L The Nt ieale refen to the total 

1 Then u eiwnmcniai prod that rauturation d the t i r u u  with 
u r  Nt WEUN in the revem. p m c ~  ol lit . L i ~ i o . t i o ~  ( k n u u l .  
the yu-exchsn e mruurrmeni is upwatad into iu eomponaDt paru. 
When d d b r r a t r .  the tiroe comunl. d ..tunriw and d(utu- 
retion r d i l y  *horn to b. identicel. but in tha rvud emliment.  
if the dwturavan cur,%-. e w u  from u ~ u n t . d  tirue. b uturstion 
C U r W  bcdM n t h  PuruUg uturaud UIum. w d  the CDDYQH U . L o  
true. It ,u m a r y  LO make a very ueurate rrolutiom d eueb 
rompsrauw meuurernenu to .rad the errw d inSpmphtely n- 
oolvrd data rhrt &\.e d i t k m ~  mwnitud- ol ooou- at 
the urn. mu. 
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amounlt of KY associated with component I1 tissues. 
The construction is similar to the other schemes pre- 
sented with preoxygenationdecompression data here 
in which the protection or protection rate was d r a y s  
proportional to the observed or predicted tissue-Sz 
concentration. Thus with any percentage of NY removal 
from the tissues there would be expected a proportional 
reduction in symptoms of decompression sickness from 
what would have been observed had there been no 
preosygenation. Percentage of body Xz retained and 
percentage of symptoms retained are synonymous. 
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