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Respiratory System: Nitrogen Elimination 
Hardin B. Jones  

The characteristic of gas exchange appears to be 
mainly determined by the quality of blood perfusion 
through the various tissues of the body. Table 1 shows 
a comparison of the time constants of inert gas ex- 

TABLE 1 -WHOLE-BODY EXCHASGE OF ISERT G.ASES 
11L.4JCRED FOR 2 I S E R T  GASES DZRISG S.WE EXPERI- 

MENTAL TIME 

Iir 
S? 
He 
5, 
Kr 

0 69 
0 69 0 022 
0 49 I 

t 

* Resulta are given in t e rn  of time constants of the 

t Determined simultaneously using rdoactive xenon. 
equation: R - R'c -*I+ R'q-L.' + R"'c-U + . . . . . 

change of helium, argon, nitrogen, krypton and xenon. 
Regardless of the gas used, the similarity of the time 
constant is apparent. Thua to no discernible extent 
are the values 6 x 4  by di&sion rate or by facton of 
permeability. -4dditional evidence that the gas-ex- 
changcrate constants are determined by the blood- 
tissue-perfusion r a t e  in that the summated circulation 
to the body tissues calculated from the gatiexchange 
rate closely approximate cardiac output, and the re 
gionnl perfusion rates so cdculated from gas exchange 
are udormly  in agreement with other existing measure 
ments. 
The idea of inert-gaa exchange depending on the cir- 

culation is not new. Every investigator of the paat re- 
ferred to its probable importance. I t  has been relatively 
weighted with a permeability factor in theoretical con- 
siderations of gas exchange, and recent extensive thm- 
retical consideration hes favored the weighting of the 
permeability factor (Smith and Mornlea'). The con- 
verse effect was estahliihed (Jonea cf d.9, for it had 
become apparent that the time constants analyzed 
from data as on radioactive nitrogen, krypton and 
argon uptake by the hand p v e  remarknbly similar 
time constsnts. Experiments were devised in which 
aholebody exchange of h't and He and of h'r and IG 

were done successively. The subject was denitrogen- 
ated by 0: inhalation for several hours, then he re- 
breathed a He or a Kr atmosphere; this was follon-ed . 
by a ?d period of 0: inhalation during which eschange 
of the noble gas could be measured. The most precise 
experiment w3s that vith radioactive .Ye. In this in- 
stance the subject equilibrated with a known amount 
of radioactive S e  contained in air before beginning 0: 
inhalation. Thus both gas-eschange rates were measured 
exactly simultaneously. The results showed an excellent 
matching of time constants obtained by semiLogrith- 
mic analysis of the curves. Results extracted in these 
comparative studies show that the time c o n s t a h  ob- - 
tained in the same circumstances and the same time 
period are nearly identical. The amounts of the noble ~ 

gases eliminated in each case are in good agreement 
Rith the calculated amount on the basis of solubility in 
body tissues (water and fat)  and the uptake during the 
saturation period based on known time constants for 
the subject's gas exchange. 

T.1BL.E  RELATIVE DIFFrsIOS OF G.ABES AT ROOM 
TEYPERATLTLE THROUGH .4 HYDRATED GELATIS >[EM- 

BRABE * 

I T E M P .  OF 1 K ~ 

Y E S T  CsIT5) ' 
CAS 1 JfE.4SCRE- ' (.iRBITR.4RY ' REL. DrFFCsros R.4TES 

- 
S l  
He 
HI 
A 
cox 
Iir 
Xe 

I I , 
* The memhrane was 1% gelatin stretchd on Sylon 

stocking, dried and rehydrated. One side contained a 
circulating saturated solution of thc gas to he measured, 
and the other a circulating solution of water free from the 
gss to be measured. Results were calrulnted in relative 

- 1 0 0  0 36 
2 5 7 H e = l O  

0 84 0 30 
0 75 1 0 27 
0 58 0 21 
(0 36)l (0 13) 

3 2 0 1  1 1 5  

~ 

I46 0 
I42 8 
126 0 
147 5 
I46 0 

~ 147 0 
m,wured) 

24 1 S* 
23 8 
24 2 
23 1 
23 0 
23 2 

(not 

terms as 
volume of gne eschanged X dmolecular %eight 

solubility in rvater 

If d8usion or a permeability factor limited gas ex- 
change, it would be expected that the results would be 
in6uenced by the predicted diffusion rate of the dis- 
solved gas which, according to Graham's law, is pro- 
portional to the reciprocal of the square root of the 
molecular weight. Diffusion rates of dissolved gases do 
behave according to Graham's law; this is shoan in the 
consistency of diffusion of dissolved gases through hy- 
drnted gelatin (Table 2). Thus over almost an &fold 
range of relative diffusion rates (He to Se,  1.04.13 

I I b t  I 4 2  
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relative diffusion units), results in gas-eschange rates 
for the body give similar time constants and the 
amounts of gases so exchanging can be predicted from 
solubility in body tissues. These results leave no alter- 
native but to consider diffusion and transcapillaric per- 
meability as factors not limiting the inert-gss-exchange 
rate. .bide from the matter of dserential soluhilitx 
in blood, tissue and fatty tissue, the limiting factor of 
gas exchange is the blood-tissue perfusion rate of the 
body tissues. This implies merely that the diffusion 
rates of these dissolved gases are very rapid over such 
tissue and cell barriers as may exist compared to the 
rate of movement of blood through the capillaries. 

The blood-tissue perfusion rate is the volume of 
blood/volume of tissue/min. I t  also is equal to the gas- 
exchange time constant R,  within usual limits of ex- 
perimental error. In any tissue component of the equa- 
tion 

-4, = Arc-* and Rt = Rd-h ( 1 )  

the amount of blood flowing through that tissue = 
Ro/aB, where aB - mlubility of gas in the blood. 
Total volume of the gas A in the tissue a t  zero time by 
integration = Ra/K,  and volume ol the tissue - Ro! 
ah, where at = solubility of the gas in the tissue. The 
blood perfusion rate then becomes 

In non-fatty tissuea a, - aB, and blood-perfusion 
vol/vol of tissue/& - k .  
GEhTRU METHOD OF GASESCELWGE CALCVL&llOS3 

The accumulated uptake or the accumulated elimins- 
tion A is usually expressed as the quantity of gas a t  
standard conditions absorbed or eliminated up to a 

FIG. I .  

given time t .  Examples of this treatment are cdeula- 
tiona from compressed air uptake, radioactive gsr 
measurements, foreign gaa uptake. The general gap 
exchange equation of the amount of exchangeable gas 
is 
.4, - .4#'(1 - e-u) + A#'(l - e - W  + A*"'(l - 

a - u )  + . . . . (3) 

In the Merent ia l  form the gas-exchange-rate equation 
becomes only slightly changed, and this form (equa- 
tion (4)) of the equation is conveniently obtained when 

gu-exchange rates can bemeasuredcontinuously,as n-ith 
the radiozcti\-egzs-exchange method. Experimental 
accumulative data are most readily differentinted by 
obtaining tangents to a smoothed curve through experi- 
mental points. My favorite method is to use transpar- 
ent parallel rulers for this operation. One rule is held st 
a tangential point while the other reads the slope from 
0 to 1. 0 to IG or 0 to LOO min. For gas-exchaoge m a s -  
ureruents, however, the tnngent method of obtaining 
rates from the accumulative curves is relatively much 
less accurate on the asymptotic portion of the accumu- 
latian curve. Rste of gas exchange for the slowest com- 
ponents is better measured directly as rate of elimina- 
tion (inert-gas elimination/Af). In use of the tangent 
method of differentiation, caution must be used in dif- 
ferentiation and interpretation of published results 
where there is likelihood that the graphic data represent 
curves calculated on the bnsis of a particular theory 
and fitted to the experimental points or are perhaps 
shon-n aithout the experimental determinations. Such 
analysis will only estract a form of the original theory. 
The rate is usually given as rate/rnin 

R - RO'e-hf + R0.e-M &"'~-J=J + . . . . (4 )  

The integral relationship of A and R is 

d', etc., represents an amount of S, associated with a 
given tissue defined in terms of vascularity. A' par- 
ticularly is not the 5: from the blood as theorized by 
Smith and JIorales' in a similar expression of gas ex- 
change, but represents the most highly perfused tissues 
that can be detected by the meth+sused, andthi:  tis- 
nues concerning A' include the co&in&blood 9a ; 
the basii of gas solubility in body'tissues for the now 
fatty tissues, A',  d', etc., represent an amount of 
tissues. Similarly, R', R', etc., epresent amounts of 
blood perfusing the tissue per stated ti& internal. 
In equation (5),  A' = W/k,, the,-ti* constant k, is 
the blood-tissue perfusion factor + n e  A+ = &'/A'. 
R' x solubility factor = vol of blood/mia. d' X solu- 
bility factor = vol ot tissue + its h l d  poet, 
Thus when the distribubion ratioef the exchangeabk '.; 

gas is unity in the blood and tissue& the time constant: = 
k has both the meaning of fractionaf gacl exchange/min . 3 
and vol of blood/vol of tissue/&. J b eslwlated; j 
aa the reciprocal of the time r e q u i r d ; b & c t  a cha5&,  :! 
in rate of amount to I/e. Conveniem-j t  b tnemuie& i-: 
from the time to the half-ralue (half-time) '?  . . ,., ; - 7 .. 

loe2 g ; z .I 4 5 : 0 2 s :  - - 
hslf-time r $ --- I . - 0 

- ? : > : = > .  
Fig. 2 shows schematically the methm 4 &$nrppari- 5 3 
exchange rates as the log of the rate of++a?jge_agirir,& ; % 
time. &saturation curves of times.& gletetefmmd by 
radioactive gases have a form similar to equation (4) 
since these data represent the unexchanged portion of 
tissuediasolved gases A, 

. 

; 

Ai AD' c-Y + AI'e-* + A#"'c-* +. , . . ( 6 )  
Such data can he treated as in Fig. 2; the differential 
form of equation (6) is the same M equation (4), and 
the integral relationship the same aa equation (5). The 
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semilogarithmic plot of either R, or -4, vs f I  may then 
be subtracted into component parts corresponding to the 
portions etc. The method depends on the ob- 
taining of a complete curve for true accuracy; if the 
data are not carried out sufficiently long to expose each 

% 
GENERAL FORM OF GAS 
EXCHANGE RATE CURVE 

w G.r €* .( nlOn 
-1 ba rnkw d uw*. 

caw* rism, srio, CC. 

30 60 90 120 
MINUTES 

Frc. ?.-General form of g3sexchangcrate curve plotted 
3j log of rate oi exchange apinst  time. 

component, the last component is naturally left u r n  
solved and no guess can be made as to its potential res- 
olution. This fault lie3 not with the method but with 
the primary goodness of the data concerned, for they 
c a ~ o t  be resolved better by any other method if they 
are truly of this indicated equation. The source of some 
of the difficulties in interpretation of SI exchange is 
that the gas-exchange measurements have seldom been 
good enough to d e  exact resolutions of this type. 
The accumulative Kt-elirnination curves of Behnlre's 
were fitted by him with a ?-component erponential 
equation: 

.4, = 364 (1 - e-o.olY) + joo (1  - e-O.OOIY)  

Because of the difficulty of separating out a 3d com- 
ponent (body fat) in whole-body h's elimination, his 

s o 0 9 0 l 2 0  
MINUTES 

FIG. 3. 

equation of XI exchange is essentially that of Fig. 3, 
which is the same 89 that in Fig. 2, but the data have 
been terminated at the point a-hich permits establish- 
ment of only 2 component equations. The relatir-e 
errors in interpretation are apparent, but they are not 
as serious as might be indicated here. The more rapidly 
exchanging component is iittle affected; the M c u l t y  
as regards the 2d and last component is that the tissues 

are unresolved and in this case represent neither 
muscle nor fat but 3 misture 01' the 2 which is niiire 
nearly like muscle than fat. The time constant has 
limited meaning in terms of the blood-tis.ue perfusion 
factor. 

is appliclljle to the 1st 
20 min of the gaieschange curve. It coiqjrises plotting 
log of rate agninst log of time. The stmi:!it line on the 
I c y  X log plot appenrs to be due to cnexirtcnce u i  the 
niain efiects of 2 exponential components r i  the gas- 
ewlrangc curve; beyond 20 rnin a plot of tllie type is not 
a stmiglit line (Fig. 4 ) .  Although this method is exceed- 

The method of Stevens et 

- 
1 I s * 5  la I 5 m  

MINUTES 
FIG. A.-Stevens' g~s-eachmge-rate curve plotted 3s log 

of rate against log of time. 

ingly simple and has justifiable accuracy, it does not 
- l e d  its$ to the;more general interpretations of the 
thgopwl g d  e x t k n q  and vasculwity of tissues. 

I .  : SITRW& $ECE.%EGE OF TEE BODY 
Thebody t i s &  et sea level contain approximately 

~0.01 yo1 (STP) okdi&olved Sz/vol  of non-fatty tissue 
an+ approximately 0.65 vol/vol of fatty tissue (Born- 
stein;! Campbell a d  Hill;6 Crollman;n Behnke:). 
.After a change in barbmetric pressure, the amount of 
ciis&ed.XI ckianges, bnd changes in barometric pres- 
4x6  @ IolIOwed by re-equilibration of the dissolved 
3;* to extents proportional to the St partial pressure of 
the 839 mixture inhaled. Associated with exposure to 
&npressed eir is P n& movement of St into the tis- 

Gd;with decompression there is a net outward 
transfer (the mechani+ was discussed earlier). Effec- 
tive elipihattbn of d i a l r e d  tissue K r  can be brought 
abo& by repkcem&t-bf air by other gasQ mixtures. 
FIel&njs F e d  t&$pf SI in dibjng; its presence in the 
6odJI i$ ntore-fni.o bI5 dunng divlng and decompres- 
s@nFth&n t h e  d S  OB the bnsis of solubility. Inhala- 
tionsf @gkcancmt&itldnsof 0,ako induces S, elimina- 
tion; such procedure for removal of dissolved body St 
to protect against low-pressure decompression is known 
as preorygenafion. The r61e of St in decompression 
sickness and the oxygenation principle of S, saturation 
were recognized in 1676 by Paul Bert.8 

The vascular pattern of the body tissues primarily 
determines the characteristics of the S2 exchange of the 
body. In a consideration of inert-gas concentration in 
the tissues it is desirable to have an understanding of 
the vascularization of the tissues, the proportion of 

: , . .  . - .. 
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arterial blood utilized, nlin ' t isue or organ and the 
estimated average rate of S, removal min during de- 
nitrrqenation. The fraction of 9: removed 'mh .  except 
for boil?. fat. is the j a n ~ e  as the blood-tiwe perfusion 
inctor. I factor oi 0.3 means 3 0 5  removal of excess 
nitrogen 'niin. Chs-eschange rate cloiely approximates 
blood-tissue perfuiion rate. The eweptirm is fat. Body 
1st has alrout the ~ a m e  vascular it^- 3' resting mwcle. 
but the relatively high solubility oi inert gases in  fat. 
as compared with blood. c3uzes the p-ezchange  rate 
ior S: to he slorver h y  a factor of 5 than the blnidtissue 
periusim rate. 

If current values for the I,Aocd-periuiion rates of the 
Loll?. organs nre.accepted. it is apparent that almost 
', of the cardiac output is distrihuted as follows (see 
alia Talde 4) :  

Thyroid. . .  
Kidney . . .  . 
Heart. 
Small glands. 
Brain.. , 
Hone marrow . 
II~patir  purtd . . . . 

* 5 . 3 5  extrapolated to mm from studies in  the rat; :LC- 
curding IO Jones r l  ai.: 

This lea\-es about I,', of the cardiac output to supply 
the remainder of the body. The vascularity of the car- 
cass. Le., the Iising body excluding viscera, should 
average about 25 ml of blood 1 of tissue.min. This is 
in good agreement with values of blood perfusion of the 
carcass including extremities as calculated from radio- 
active-gas exchange (Tables 5-i). 

Except for organs as vascular as the kidneys and thy- 
roid, the measured St exchange of the body accept- 
ably describes cardiac output. body volume. percentage 
of body fat and vascularity of the body tissues. I t  is not 
possible to eliminate inert gases in the lung spaces r a p  
idly enough to detect the smdl quantity of S?contained 
in the kidneys and thyroid. Since the rate of exchange 
of dissolved inert gas in these organs is about S O Y , /  
min, and since the amount of dissolved gas concerned 
is equal to approximately 3 ml. it is imposible to con- 
duct such measurements a t  the time of washing out of 
lung gases. A short period of hyperventilation is neces- 
sary to remove lung gases sufficiently to pick up the 
inert gases being eliminated from the brain. red mar- 
row and hepatic portal tissues. Indeed. even measure- 
ment of cerebral circulation by the SzO method (which 
is the same gasenchange mechanism) is difficult be- 
cause lung mixing is occurring simultaneously nith 
cerehral S:O uptake (Kety and Ichmidt"). 

Nitrogen Elimination from Lung-Gas Mizing.- 
Inhalation of 0: n-ashes out S? from the lung's air. 
The rate of this exponential m d n g  of gas volumes is 
described by Darling el a/.,i' Batenianl'and Jones.ia In 
quiet normal breathing, equilibration of the lung gases 
n-ith a newly inhaled gas composition does not approach 
completeness for 5-10 min. Table 3 gives averages of a 
small sample of data (Jonesl'). The usual normal sub- 
ject has 2 major rates of ventilation of the lung-gas field. 
However, other subjects not included in this group 
have only 1 discernible mixing n t e .  0.45 mi0 half-time 
(column I, Table 3). Since this roughly coincides with 

3 theoretical rate calculated for mixing on the a-sump- 
tioo that there is uniformity in all pnrts  oi the luriys for 
mixing of the tidal and the lung-gas volume. perhps  

T.IBLE 3 . - - \ I i x t ~  RATES OF PKLIIOVIRF ( ; \ s  Vu1.1 \IE 
D I R I S C  s o R \ l . \ L  Q L l L T  BRE \TIIISL;* 

R . \ P ~ D  R \TE SLOW RATE 
T.01 of rz-pirstory 

' -time of eauil- 
E= 2 3 = 0 5 1  0 i l  1 0  091 

Ibr2.rion ' o & j * o  13nlin 1 6 t 0 . 4 n u n  

of eauihbrxtion 1 55 * 0 4'9 nun 0 44 = 0 10 rnrn 
Tirue con?tant. k. 

*Subjects $5-ere 7 males. w i y h :  I T 0  * 20 IIJ, lit,igitt 
i 0  = ].Sin. 

these subjects with u single rapid nii.ting li:1ve the true 
normal pattern of lung ventilation. In all -ubjects witti 
histories of asthma there is great accentuation of the 
slow rate. With pulmonary emphysema the slow com- 
ponent is even slower and may 3 p p r ~ c h  1 4  1. Ocm- 
sionally there are observed additional slower rate< 
of ventilation rniving in the ' 'norml" group. Patients 
n-ith polycythemia vera appear generally to ha\-e I rir 
more additional slow mi\-ing rates !this study is incom- 
plete). In many normal subjects the pulmonary mixing 
rates are rapid enough so that they do not interfere 
n-ith studies of elimination of dissolved S: irom body 
tissues. Even after 5-10 min the usual subject will have 
some lung S: interfering nith measurements of tis5ue 
S? unless precautionary hypenentilation is used to 
flush out the lung St. 

Gas Exchange of the Brain.-The hlooll perfu>ion 
and gas-exchange rate of the brain are of relatively 
high intensity. The value for cerehrd circulstion in 
man obtained from the S:0 exchange rate is 0.16 I of 
blood through the I~rain,'min iKety"). I n  development 
of the S20 method for cerebral circulation Kety i n d  I 
Schmidtl* assumed that cerebral circulation is the unit . 

throughout the bmin. The y~s-exchange theory of 
cerebral blood flow and pas exchange is supported bp - 
the following evidence. (1) Different gases. radioactive 
Kr, radioactive S e  (Jones") and -S:O (Kety and 
Schmidt"), give similar values for cerebml gas BP- 

change. (2) The total amount of R O  absorbed by the 
brain on the basis of solubility represents a tissue vol- ,. 

unie equivalent to the brain. (3) If a large 
exchange to the brain xvere extremely slow 
by the Campbell-Hillig data), it. would 
to account lor the tissue mass of the brain from the re- 
maining rapid portion of the ga eschange. e n d  sac 
gas exchange as is observed n-odd .mdic:ite mu& to 
large a blood-tissue perfusion factou; reaabnabk ml 
brations of gas exchange have. h&wei.er:, beenlobraiae 
by Kety and Schmidt'? nith dire3 Baw-mesuiemeotsF 

The magnitude of cerebral 2irculatiq from a,& 
nieasurements is 0.76 I: min I ati,':x' or 30 wwngij 
tissue perfusion of 0.M vol of &$. \re1 d tissrie. ~ $ .  
Another method, that of injecting Evans blue into the 
carotid artery and measuring the dilution in the jugular 
blood. has been used by Cibbs et d.1' Their values 
roughly check those of Kety and Schmidt.ilhverage for 
7 subjects by the injection technic \vas 0.6? I min or 
0.44 vol of blood/vol of tissue ruin. Since btjth groups 
of in\-estigators obtain precise calibration oi their 

h 

I l b 1 1 4 5  
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method with direct flow measurements. probably the 
difference betveen the 2 average value5 is Ilue to the 
tmll samples concerned: the difference i i  :ipproxinutely 
equal to the standard deviation of the measurements. 

In riev of other :as-exchange studies and .some pre- 
linunary studies with T:. radioactive Kr ond radioac- 
tive S e .  i t  i i  likely that the circulntion to tlie hroin must 

ereci to inclulle at least 2 differently micu la r -  
es <,J<ines el a1.2’,. This vascularity cnrrpiptuids 
ti.sue perfusion cite? of approximately 1.4 

and 0.73 vol of hlonll !-id of t i sqe  niin iJnne;?.13:. 
.%pplication nf tile 2iinplified situation of a single per- 
fuGion intensity for the h a i n  lends to an  irn(i#l-.ihie 
concept. t h x t  n K:i--e\rhsnpe time constant clinnging 
Kith tinie ~ K e t y  ai14 Srhmidtl*). The simplified con- 
l l i t i im uf a .ingle eas-ewllange process i.5 roughly ~ 6 -  
rient under special procedures to give total or average 
cerebral circulation. However. con~ideration nf S? 
concentration of cerebral tissue from the standpoint of 
decompresion phenomena must a t  lewt assume gap- 
exchange rates of tissue5 as haling 2 degrees of vascu- 
larization and thus repre-ented hy ? different time 
constants. 9 significant factor in cerehral gas exrlianqe 
is S: soluhility in brain. measured hy Camphell and 
Hill” and by Kety” and shoning that brain lipids have 
the same S? soluhility 11s non-fatty tissue?. 

Except for the n-ork of Campbell and Hill.” specific 
infonustion is not available on rate of total removal of 
1-2 from brain tissue during denitrogenation or tlecnm- 
pression. There is reason to doubt the values of Camp- 

their tis.ue-S* saturation levels 
h the increased 9, tension. .Use. 

the concept of a slowly saturating brain is dependent 
on a single animal in their data. If this aninul is neg- 
lected, the rest of the ohserrations agree with the con- 
cept that the brain has a rapid ga.~ exchange. .\ similar 
discrepanry is prewnt in their report in regard to the 
rate of liver equilihration nith increased S, tension. 
Again tlie same experimental animal with a lower than 
predicted raturation supports the conclusion that gas 
exchange in the liver is extremely slow. In vien of the 
general discrepancy of these data with recent gas- 
exchange studies, further work on this approach to the 
prohlem is indicated. However, there is othernise e v e n  
reason to believe that gas exchange to most portions of 
the brsin is as rapid as indicated, namely. 3 5 5  gui l i -  
lmtion’min. Also. since there are no lipids in the 
brain that concentrate dissolved gases (Campbell and 
Hill 5’’ Ketyl’), the indicated cerebral circulation 
rrould necessitate that the whole brain be equilibrated 
t i l  a clinnging inert-gas concentration in the lungs to 
within IOC;  of the change in inert-gas concentration 
ti-7 rnin after the change in lung tension of the gas ha. 
heen effected. 

It should be expected that symptom- of aeroembo- 
lism of the brain *hould be seen only soon after decom- 
pression. Cerebral ymptoms are. in fact. ohserred in 
low-pressure decompression (Engle et al.;*a Lawrence 
and Lund:*I Goggio and Houck;” n’hitten”). They 
are assoriated with early severe symptom, particularly 
“chokes.” In some cases the cerehral symptoms OCCUT, 
not during deconiprewion, but after recompression 
and again only after w e r e  chokes and bends. It is sug- 
gestive that the cerebral symptoms-scotomas, nau- 

. 

. 

’ 

sea. 1-ertigo aud headache-n-hich occur after recom- 
preision are not due to emboli formed primarily nithin 
the brain but are circulatory aeroemholi which are 
lodged in the lung; and Kith recompression shrink 
suficiently to pass through the lung capillaries and 
to be carried to the brain, where they block certain 
critical capillaries. It is difficult t o  predict the rate of 
resorption of an aeroemholus in the brain. ;itice thk 
certainly depends on the effective mscularity of the 
ti=ue immediately around the captive bubble, whether 
o r  not a thrombus is formed. on tlie attemling degree of 
r isue reaction. etc. Sone of these lactors n-ill operate 
with the same rules that control the excliange of gai- 
eous compounds diiGolved in the tbsues. which is de- 
termined by tissue uscularity. Behnke“ suggested corn- 
pression treatment of patients n-ith iurh cerebral symp- 
t o m .  

The brain, then. i i  relatively protected from super- 
saturation of dissol\-ed gases on exposure to high- 
altitude decompression. On the other hand, if there is 
3 tendency to bubhle formtion in the brain comparable 
to that in other hod? ti.:sues. damage to the brain 
slioul~i he more likely in dix-ing deconipresion when 
mnipression is great and deconiprewon rapid even 
though exposure to compression is brief. 1.e.. the brain 
k vascular enough so that during 10 min of any ex- 
posure to compresred air it is 90% equilibrated n-ith the 
S: tenlion. Other body tissues rhich hare slow gas 
exchange. such as muscle or fat, may he less than 5-lOyo 
saturated. Rapid decompression irom such a situation 
nould result in an inert-gas supersaturation for the 
brain 9-fold greater than that for the tissues of the car- 

Gas Exchange of Kidneys and Thyroid.-These 2 
organs are probably too vascular (Table 4) to per- 
mit any great supersaturation of dissolved gases for 
more than a few seconds. Presumably they are n&vet 
directly concerned with decompressi& s iche&.  The 
rapidity of kidney-< i s  exchange is app&ent in meas- 
rnents of urinaF :oieous ?r’* during compressed-air ’ ’ 

inhalation (Hill and Green~roodt9). The 1st sample of - - 
urine taken 8 min after the start of denitrogenrrtion i r  + 
e+sentially equilibrated. Probably equilibration had 
t&en place much sooner than 8 min (calculated sac‘-, 
equilibration msecafter compression). - 

Gas Exchange of the Heart.-Blood‘flow e0 t h e  
heart has been variously estimated talbefrom M L t o  
200 ml min (Bazettl’). This means a Mood-Qsue per- 
furion factor of a t  least 0.5 rol of blood/vol of tissue/. 
nlin and a gas-exchange equilibration rat.& of at least_ 
35 equilibration,’min. The heart. the& is W-iminOnej .. 
a“ the brain to supersaturation conditioni. PxGslpe 1 
of the heart to the hypothetical bubble $IO<& fmm the-, : T., 
lunge on recompression is not as likely W c m r  asin the I :. - 
hrnin because the buoyant bubbles m a & d  b &cape I .: 5 
the openings of the coronary vessels, whpreerj tiiefmny 
c a 4 y  pass up the carotid arteries. i - ’ 

Gas Exchange of the S m d  Glm&-& ad& 
nais. pancreas. testes and prostate li’av6 not been 
ruewured with reference to their gas-exchange rate, 
hut presumably they are well vascularized and their 
perfusion is of the order of or greater than a blood flow 
or 1 yo1 of hlood/vol of tissue/min. It is not likely that 
any of these organs are inrnlved inkdecompression sick- 

cass. 
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ness since their rate of clearance of di-solled S: n.rwld 
he at  the rateol 100$ equililmtion.'min. 

The rapid disappearance of S: diesolred in saliva nae 
measured during 0: inli:ilation by Sch( hnder.:6 If one 
uses these data as a basis lor calculation and a swnes  
the rate of S: disnpyeownre from the d i v a  to be the 
same as that of sa l ivxy  ti+ue. the intiran. gland should 
be cleared oi 3: ;it the rxtc of :Orc 'min. The blood- 
tissue perfusion factor oi tlie gl.ind uught. thetefore. 
to be 0.5 vol of I i l ~ w ~ l  vu1 $of tL+ue min. 

Gas Exchange of Bone Marrow.-Bone ni:irmw i- 
iuccestively .- 3 site oi dcconipre-cion sicknes.. Hen- 

I 

I 

still cmsiderahly greater thsn in the other tissues of the 

In caisson diseasee. as nientioneci for the brsin. the 
red mrruiv m y  be subjecte,i to 3 lc;s favorable super- 
Snturation thsn tissues greatly more uscular o r  greatly 
less nsculnr when decoiiipre~~iw is rapid even tliwgli 
compression exposure i i  I)i:ei, Red tiurrow, iike blain. 
can eaturnte r:ipidly. Ten-nun e\pusiire to any ccm- 
prec;ion should restilt i i i  ;i-jOrc e,jriilil>ration in the 
red ni:irrow, but in ~h.itur:ition tiii; ws-e\clunge 
rate m n  e;i-ily LNe excre$led l iy r.ip:tl ,lecoiiipr 
Fatty msrrt)u in the s.ti:ie peri<><I i i  likely t i t  lie ,tidy 

c ;I1 cass. 

Ti.--[ L 

Lungs 
Th\ roid 
Kidneys 
liean 
.\drennl;. i ml I 
Tvstes. 50 ml . 
prostxte. 23 nil I 
S:di\-ary glmdi 
Brim 
Xlarron. (hemopoietic, 
Hepatic portal 

Liver 
Spleen 
Pxncres 

1 Intcstines 
Stomach 
Colon I' 

Intcstind contents 

7&kn man. 1.S.5 sa m 

\'OL O F  
s:, \lL 

12 0 

p;' 
3 0  

o s  
0 4  

30 0, 

I7 0: 

I 4  0, 

I 5  
0 <I 

1100 0 ,  

4 5 C - m  

iX (6001-2.53 
1162: 

j sa -.j 0.1 Experte.1' ( 5  8'1 
~~ 

Figures in parentheses are approsimted. 
t 0.3.j-mcdal perfusion rates; 1 . h f  cerebral tkues;  from Jones." : Includes organ lipids. 
3 Sot  including intestinal gas; at standard conditio-. 
r Calculated lrom average value of &rea Fick measurements 01 
1 From Kadsaorth*' and Ranling." 
2 FmmCournand el al.2: 
3 From Jones el al.' 
' From ' FromSmrth.'n 

resting 

From Bnrert."' ' From S~holander.~~ 
From lief?,': 

9 From B;izett.' 
'0 Jones." 
I '  From Bradley ~1 al." :ind Lipsconib and Crandall.'5 

ever, marrow neroemboli are probably more frequent 
in fatty thsn in hemopoietic marrow. As determined 
by the uptake rate of a radioactive colloid that is highly 
selected by marrow cells, minimal circulation to the 
red marrow in the rabbit is 7% of the circulating blood 
vol/min (Jonesi'). These values, translated to m n ,  
would indicate approximately 300 ml of blood to the 
hemopoietic mrron,'min and thus a gtw-exchange 
rate of about 15% change,?min. This intensity of cirru- 
lation may be poor enough so that bubbles are formed 
in the hemopoietic m r r o w  under conditione ul  decom- 
pression, but the vascularity and gss-eschange rate are 

cardiac ou(putf . -  I _  - - .. - _ -  

- ,  

. ,  - 
5% saturated ( T a b 2  7). Fat!!. man;% presunmbly 
like body fat  in ternis d C~scularit>< So qeasurements 
of 93s eschange fd" t k  , t i s se  -haye -be& done since 
Carnpbll  and Hill.! Qtkeugh t h q  mny,be rea5on to 
question the r a l i d i t ~ ~ , f t h i 4 , ~ h o l e g * C ~ ~ a 8 .  snalysi* of 
S1 eschange in bone qrqn~-:(CJ?-Scr/o id) from their 
3 goats a t  3 3tm foEl.&&.l % h ~ ~ g i v e s s i a v e r a g e  time 
constant similar t&th$t Ef bo+ h t a T a b l e  7 ) .  This 
means that the rafi d $ e y f m G e 3  b t t y  nmrrow 
is of the order of O&%,ctfznge,%p $'pith decompres- 
sion. great superSn@r&m &dtjsoh-ed @IS can perslat 
in fatty marrow f o f l o ~  p&Gddiami the fatty marrow 
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the modal value of the tissue circulation. The titlier 
statistical estreme of tissue va~cularity is repreiented 
by regions that are momentarily poorl>- perfii-ed by 
having relatively few open capilluies. In  extent these 

T.AB1.E j.-BLoowTIsscx P E R F C ~ I O S  IS RESTJIG SIEX 
AGE '0-25 

(DrIeriirincd by Rite oi V ' p t n k ~  of Rulinnriive Kr!pton: 
Room Teniperature 20 C Juiii-: 9: 

I . t C .  T H I G H  __ ~ 

H I \ U  ,,,.,. SrlKk. -,v . \ ' ' ' S I ( , .  .,v,* \!<! I, , 
so$ t :4,-,c; T __ - 
0 043 0 O l i  
n 018 o 027 
0 029 o 016 
0 026 0 013 

0 026 0 016 
n 024 o 020 

0 118 
0 om 
0 104 
0 03s 
0 073 
0 063 
0 034 0 023 
o nxi o nm , 

might be an ideal location for development and growth 
of aeroeniboli as far 3s the factor of dissolved inert gases 
is concerned. In decompre=ion following short com- 
pressed-air exposure. fatty narrow and fatty tissue 
nmy not develop a critical supersaturation because of 
h n  ness of gas eschmge of these tissues.. 

Gas Exchange of Liver, Spleen and Intestines.- 
The amount oi  blood diverted to the 1ieli:itic circu- 
I:ition ivni me:iaured hy Br:rcdley et d." 2nd Jones.'," 
Thi. vtluiiie o i  l)loo#l vorre;p,mdb tn SOr, of c a r h c  
w t p u t  ~ii in 50 that the tisiuei cupplied niiist. irom the 
itanlipoint of the hot!!. :iveraye. he considered fairly n ell 
r3vulnrized. E.g., tlie liver receives 1 vol of bloodivol 

tiiiue min. Li\-er-g:is escllange is conrplicated by the 
fact that most of this blood is portal blood from the 
spleen. pancreas, intestines, etc. During denitrogena- 
tion. portal blood rrould always be many times richer 

Thus actual gas-exchange rate of the liver is consider- 
ably less than the blood-tissue periusion rate. 4 hich 
would be 1OO~/mio with this degree of blood Rorr if it 
were all arterial blood. I t  has been estimated that ':- 
I,', of the liver blood comes trom the hepatic artery, but 
on the whole the liver can dcaaturate only slightly faster 
than the other tissues contributing to the portal stream. 
If the total hepatic portnl blood Ron and all the tissues 
concerned were lumped togetber, average blood EOW . 
would be 0.5 r o l  of arteria1 bloodivol of tissue/&. 

I 

j 
i 
i 

I 

8 
I 

in dissolved SI than the arterial supply to the liver. 

i 
! 

I 

1-01, BLOOD:VOL 
Trsec~; . \hs ;  
OR FR.CTIOS 

; REWJVED. 111s 
C O S D I T I O S  1 A v  Node 

intermittent cvrrtrac- , 
: _.. 0077 

or less than average blood perfusion bemuse of random 
pattern of open capillaries. The sensitivity of gas- 
exchange measurements is such that small regions of 
coincidental excess ot functioning capillaries are easily 
observed where these regions are present. In  such re- 
gions of microscopic dimensions the blood-tissue per- 
fusion factor may be 2-10 times that of surrounding 
tissues. Arerage saturation, neglecting the regions of 
high perfusion rate. is readily calculated from gas- 
exchange measurements and is given in Tables 5-7 as 

tlOn 

. Fronl ,~,wting.r, 
t F~~~ \ \ - a ~ , , . o f i h , ~ ~  

preci% knowledge of the magnitude of the circulation 
to the portal tissues, there is no advantage in setting 
up an  expression for gas exchange of the liver except 
that we have r e son  to believe the minimal circulation 
to the liver would account for an equilibration rate ut 

- 
0 0 1  1 0 0'20 
0 016 0 0 3 i  

a 011 
n 010 o 015 

0 015 0 037 
0 014 0 020 

0 040 
0 012 
0 032 

n ni, 0 016 
o ow n niti - -- 
0 014 0 03J 

" c 

0 O l i  
u O l ' l  
0 011 

n o?s 
0 n l E  
0 O?S 
0 010 
0 0?1 
0 Wli 

0 O I ' I  
n o i l  

~ 

' Average value is the periusion rate s volume blood 
volume t i s u e  lor the tihole appendage. 

t Mode values are ior the main tissue n i w  of the a p  
pendage. Le.. in the hand, SO? of the tissues have 
0.025 vol of blood vol of rlsue null, P - h e r e s  the m-hole 
hand i s  r-asculanzed at O.Oi0 vol oi blood V a l  oi tisue nun. 
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dissolved inert gases of a t  least 10% change min. 
Prclhably the liver-gas exchange rate is closer to jarc 
change min. It is doubtful n-hether such slo\r equilibra- 
tion rates of dissolved SI  as O.jc t  change nlin or l e s  

T.\BLE i . - ~ l T F L o G E S  ELIUS ~ T I O ' ~  I >  Far 

indicative oi 2 perfusion factors. Thij is :~pparent irum 
J I I  measurements of gas eschange. Thls hiiiiot1:dity it 
attributed to the slight difierenre in p:!tteln oi capii- 
Ian. circulstion in the tissues cuncelned so that t!lrre 

FR trim 
REIIUS EI) ''01. 

~- F ~ T  1111 
\ l is  U L I ~ U D  VOI. 

C ' u ~ D i T l u S  .\v. \lt,<\r \[ODE 
~ . __ __ - 
\ lai i*  rrst 0 002 0 0lr) 
\Inn' r\errise; hear?- n m7 n 023 

>lead>- sta te  0 004? 0 021 
('XI+ anesthetized; 

I contracting 

C':tt+ ~ne.sth~rized; 

Go31 I idti!  

hindlep 0 003 0 0048 0 0"J 

res! 0 010 0 00i 0 035 

nurrr)n :f:w:thrtmd 0 0045 0 002 0 01 - __-_ 
' Fn>m Jon?>.:' 
+ From {Yhiteley nod \ k L h o y . J o  
: Froni Camplull and Hill.'B 

are arceptable. QJ would k indirxted by literal intei- 
pretation of the d a h  of Campbell and Hill." Further- 
more. this interpretation would necessitate that the cir- 
culation rate tor n a r l y  the wliole liver woiild be 
something in the order ot 3 nil. I of t k u e  min, which i.- 
scarcely consistent n-ith known values for the magnitude 

blood supply to musrles, as calculated by rate 1 3 f  

St elimination or snturation or desaturation ol radio- 
active argon or lrrypton in plethysmographic measure- 
ments of blood flow to the extremities. and the aniouiit 
of blood perfusing the muscles are in keeping with B 
general picture of the distribution of the blood such th:it 
approximately ',',of the cardiac output is diitriliute(l. a t  
rest, to the tljsues of the carcass. Jlodal d u e s  for 
tksue circulation to the hand. leg :ind thigh-the latter 
2 presumbl?, referring mostly to the musrle mass- 
are. respectively. 25. 14 and 19 nil of blood I of ti-rue' 
ruin a t  rest. These values are in good agreement with 
plethysmographic and calorimetric deternunations oi 
the hand's blood perfusion (Forster et d 3 I )  and within 
the order of magnitude of the plethysmographically 
measured blood-perfusion rates given by Ferns and 
Abram~on.~'  Similar but varying amounts of tissue in 
these extremities are better vascularized by a factor 
of 10 than these modal tissues; therefore, on the aver- 
age. the tissues of the hand. leg nnd thigh receive. re- 
spectively. 70. 19 and 26 ml of blood I of tissue, min 
(Table 51. These values are consistent with an analysis 
by Whiteley and .\IrElroy'O in which the S2 content of 
blood draining muscle \vas niensured. If these data are 
treated similarly, the time constants and amount, of 
S, concerned correspond in an mesthetized cat to 
muscle vascularity-between 20 and 3.5 ml of blond I 
of tissue min on the average and. fur modal muscle 
circulation. between 11 and 12 nil of blidod/l of tissue' 
ruin-values that are in general go id  :greenlent with 
the circulativn factors derived fronr gns-exrliange 
*tudies in man. 
.Ls in other tissues. riiencurruieiit~ i i i  ~ i i i i x l e  AI?  

:ire small areas in rvhich unit vascularit)- is v e n  Preat 
1)ecau.e of effectir-e overlap of open capillaries. Ti.ete 
does not seem to he any rliinntitativr rule. l ionever  
for the pattern ui  overlap 0 1  the capillarie-: rie:lt v ~ n -  
ation is ohierved. .5onietinies the ani,,?liit (>I :uch ti.- 

-ties is as grent as i ( l rc  ,ti the totai t i+w cimceriwi. 
.iiid iither times. le-. th;in n fraction (ti 1'; J m e s ; , ) .  

.\I1 mea-uremeiita IJI gas escliange in niu4e. 41on 
an increase in gns eschange during ewrtI.-e of tile 
niuscle. The data ot \Yliiteley and JIcElroyj' c:m lw 
interpreted to S!ICJK a ;-fold increase iu muwle c1rcuI:I- 
tinn during esercise over rest in the ~nestiirrire<l u t .  
In nun .  from the rate of S: eschange duiing sre:i,ly- 
Gtate hirycle exercise (Jones el ol.?) it i: alipareiit thxt 
niost d the hwly musculature becomes x dsularized tn 
the estent of 48 ml of blood I of tissue. rnln where35 
;it rest n i d  segments of muscle cinulation niay l r  :I. 
4nw as 5 nil of blood I of tissue nun. Sunir of the 
i i i i i4e ni:1--.* such as leg muscles. a-liicli i i i  tlri- c:i'r 
:ire doing most of the esercising. presum:tbly ins!- he 
vasrulnrized to the extent 01 240 d of biooti 1 of tiiiue 
iiun. .I few muscles or a few parts of these niu-des m:iy 
lw \-:i;culorized as much as 900 ml. but it is ~iitficult t o  
nrake the deduction that this refers sperihc.iily 
muscle or to certain muscles. In decompression .sir.knr..s 
the degree of protection from s y m p t m  nfiorrlcrl Ijv 
S: elimination coincides nith what r e  hi. s\& 
muscle circulation and S: removal rates from oiusle.  
There is 1 ill-explained discrepancy: no specifir set of. 
data show exercise combined with preosygenatil-e de- . 
nitrogenation to be beneficial in reducing X2 tension ' -. 
and decompression intolerance. Particularly in t h e  ah- .. 
sence of such data we must assume that esercise does 
not confer additional protection when wed d t h  denitro- 5 
genative procedures, since combining esercise with d e  .. 
nitrogenization has been shown to reduce strikingly the .' 

S? concentration in muscles so exerckd (Khiteleyand : j 
JIcElroy;30 Jones el a / . : ) .  An a1ternntiX-e remning  must ' = 
be used to knit the theory together;.napiy, bhab the .- :: 
inurcles themselves may not be the %at oi decbnlprw- + 
i o n  sickness. but rather that decos~piea?;ion sickles& t 
may be associated with tissues of about the s n r e  vas-: 
cularity and gas exchange ns resting-muscles, as indeert- 
are most of the carcass tissues a t  res6 These few tissues 
would comprise only a small portio0 of the body a r i a  
night well be such connective tissieu'as t!r muGI< -. 

sheathes, the tissues bordering the Ia&kplenes, pol+ 
tions of tendons. joints. muscle iitertibnh &.Jf .thl< 
is true. exercise may have no effect on the elficieocy n f  
preosygenatire denitrogenation; in fact, conversely. 
there might be reason to guess that the circulation 
through the3e connective tissues might just 3s likely be 
le55 under the conditions of exercise than at  rest. 

Circulation b the carcass in mnn varies considerably 
with age; in youths of 18, rates of SI removal from the 
c a r a s  of about 2.37Jmin are observed, \\hereas in 

of hepatic circulation. 
Gas Exchange of Skeletal Muscle.-The rnininial 

.- 
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men ol 25 the rates are 1.17~ 'min. These values are in 
. good agreement nitli their susceptibility to decom- 

pression sickness and rates of protection against de- 
compression sickness by preoxygenative denitrogena- 
tion. In all cases the data are consident well within the 
experimental error. The 15-year-olds have twice the 
ai-ersge carcns circulation a d  gasesclunge rate. 
liali tlie incidence oi ilecoiiipression sickness and twice 

much eficienry in preo\Tgenatire denitrogenation 
those ox-er 25 (J(tne>.'."j. The summated data in 

Fig. 9 and Figs. b S  exl~ie3.- the relationlhip of :ige. 
carcass S? eliniiiia tion :xnd decompression tolerance. 
The change in circulation 11 i t l i  age as indicated by these 
qas-exchnnge interpretatims spparently concerns blood 
perfusiun of the tissues of tlie resting carcass. Direct 
Fick niensurenients of c:lrdiac output iCournand et  
a/.?:) suggest an allorvable inverse relationship of car- 
Iliac uutput with age. The niagnitude of this effect is 
such that the decrease in cardiac output between 15 and 
25 is espected to be approximately 0.3 I of blood mint 
jq m of body surface. but this cannot be taken as con- 
firming evidence. If this chaiige in blood flow is con- 
fined to the body musculature. it just accounts for the 
effect noted with age in the gn=-ewhange data. amount- 
ing to npproximately 0.4 I of blood; niin;sq m. Measure- 
nients of 0: and C02 exchange in working muscles git-e 
additional evidence that there is wnie change in blood- 
tissue perfusion of muscles correlated a i th  age (Berg"). 
However, correlation of the amount of S: elimiiiated 
during the 1st ;30 nlin of OI breathing with age in 
years 113s not been observed. although correlations of 
r = 0.68 were obtained with body weight (Stevens 
et ~ 1 . ~ ) .  Severtheless. this is reasonable if the decrease 
in S: elinfination Kith age is due to muscle circulation. 
for in 20 min only a minor part of the muscle S: would 
be eliminated whereas nracticallv all of the ?;* from 

863 

rate. Elidenre of non-uniformity of open c.i;iillnriez in 
[at pnds wa? demonstrated by (-;erili am1  still.'^ .\ver- 
age circulatim for fat is some 30$ highrr t h n  ior the 
hulk of the fat noted in Tilde i as t h e  niode vnlue. 
In the a c e  of He gas eschanqe. the fwt tla.ir snluinliry 
of He in fat is spproxinutely t l e  .anie 2. i t -  -d:~idl ty 
in bloo<l and other tissue.< 4 1 n u h I  malie t!ie ; I - + \ <  Ilingt. 
rate of fat as rapid as t l u t  of I)ntly r n u w l p .  :inLe tlle 

MINUTES 
am y)o 100 200 

I , 
In 
N 

\I ' I  1 
FIG. 5.  

the viscera as well as 'possible iung S2 is acmutitffJ . 

for. Carbon-monoside elimination has the same'qusnti; . 
+nie 

fat and muscle is approiiniately of the 
Wive relationship to age (Pace3'). Possi 
mechanism is involved as in inert-gas esc 

Gas Exchange of Body Fat.-Body s sp; same or4i.r 6i magnitude in  ternis of the bIwd-tissue 
proximately the same blood-tissue perfu.sirm k t e  perfusb? fartor. The He effect n'as predicted by 
as resting muscle. I n  ternis of actual amount of cellu- Behnk.'  Hwever ,  neither the He-elimination data of 
1ar protoplasm. fat  is richly perfused since it is cam-- Behnke d d  %llmon3B nor the He data of Jones et nl.' 
posed largely of oil droplets. Howeyer, from @e: obtained blJeffecting SI elimination followed by He 
standpoint of gas exchange, a blood-tissue pecfusion =turarion, a& estended enough to determine this fact 
fnctor of 0.023 vol ot blood vol of tissue nlinbasily e ~ p e n t w o h k j - .  .lnalysis of these data by S? and by 
drops to a S, removal rate of 0.5% change, min_ik '+ ..'-. He exchange -indicates that the gases beha\-e similarly 
0.005imin) if one considers the fact that S? is SfimeP .- and have identical time constants in a considerution of 
as soluble in fat (Campbell and Hill1*) as in bl& add , the oo<f&yfissues. This is to be espected., since the 
other tissues (Lawrence el From compamti-re ' &taar&ndi drried out for periods of time long enough 
gassschange measurements of circulation in bo+ fgt . t < s e & ~ t ~ o & f a t  S?. 
it uppears that there may be as little as 10 ml of bla_oddi .. ' : M J o F p M r e  decompression the protection rates 
of tissuejmin in which the gas-eschnnge rate is @rr& iaequi&bE p&Tgenation do not correspnnd to the 
zpontiingly 0.2%/niin. f Eh';s&t%n%ate from fat. I t  may be concluded 

Gas exchange of fat  is so slow that pmcticaIly5t iS =fr&n+h@t@t-he Sf in body fat is little concerned in 
separate from the other tissues of the body in consiber+ <rnpt$f %he%@ studied in high-altitude decompres- 
tion of any gas eschsnge except that of He. Sif& 3106. fn So&. ho\vever, in ivhich denitropnation for 
tnneously measured gases such QS SI  and S e  show-fat 10, periods fails to protect :igainst decompression 
S? to be a distinctly superslow component (Jones et symptom. it is possible that the dissolved gases which 
d.?). Analysis of data of Khiteley and \ I ~ E l r o y , ' ~  give rise to decompiession emboli are associated with 
from measurement of blood SI from an adipose vein. fatty tissue or very poorly perfused tissues. There m y  
s h o w  bimodality of S1 elimination rate froni the tissue be many small segment3 of tissue involved with slow 
concerned and thus indicates 2 degrees of fat-perfusion Sfilimination lialf-times of 3-8 hr and which would 

- 
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have bluoJ-tissue perfusions of 0.w)36-0-0.00L4 1.01 of 
blood vol of tissue,'min. Gas-eschange values of this 
mgnitude are apparent. but within the accuracy of the 
(!at3 this rate can be due to fatty tissue alone. There- 
ime, there is no evidence directly from g3s-exchange 
d2ta indicating normal blood-tissue perfusions of the 
niignitude oi 0.0014 vol of blood sol of tissue niin for 
non-fatty tissues. but it is possible that such ti-aue 

Perliapa tendon, cartilage. etc.. represent e\-en 
vascularization. However, Some in&\ i ~ l u x l i  rc- 
4 hr of denitrogenation to experience only 50$ 
on of decompwssion symptom (Batenun'?. 

protection by denitragemtion had approdmately a 
30-min half-time for the 18-20 year group and one oi GO 
niin for the group 25 yean and older i B a t e n ~ n : ' ~  
JoneaZ3). Both are in agreement n-ith the gas eschmge 
of the non-fatty portions of the carcass. 

Gas Exchange of Skin.-The values shorn in 
Tsble 4 represent an estimated breakdown of car- 
c a s  Sr exchange. So values for skin-gas exchange are 
directly available escept for the hand and fingen, 
Ivhich are probably not representative of the rest of the 
body. Skin is assumed to hare the same value as that 
estimated for the cs rcm.  Diffusion of SI and He xr0s.S 
the skin has been studied by Behnke and \V i I l rn~n~~  
and Eggleton et al." Fortunately this effect d w  
come into the radioacti~egasssschange method 
d u c h  the critical concepts of this gas-exchange thesis 
are h w d .  However, in 3- and 4-hr Sl-eli&ation 
studies I have made without an oxygen suit there does 
not seem to he a constant factor of S, elinurntion of the 
order of magnitude noted for skin diffusion of He noted 
by Behnke and Kidlmon or of S, in the Eggleton data. 
obtained n-ith dogs. This lack of agreement may be due 
to a different degree of vascularity of the skin as  a re- 
sult of environmental conditions. 

RELATIOX OF GAS EXCEASGE ASD C r n c t ~ \ . m o ~  
Although all students of exchange of dissolved sub- 

stances have considered the partial importance of the 
blood perfusion in exchange equilibration, none has 
pointed out that the exchange process for simple dif- 
fusible substances is limited by the circulation alone. 
S o t  only is this the situation with the dissolved 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 rirculation 
can be calculated (Jones et d.?. The rate of removal of 
iodide from the blood is the blood-perfusion rate of the 
thyroid where the volume of blood perfusing the gland 
= the time constant (k in in)  X the iodide space (\\-hich 
ia in equilibrium with the blood). Further eiitlence t l u t  
blood-tissue exchange 13 limited by circulation ia found 
in data obtained by Sheldon.'" He denionstnted that 
the chloride ion transfer from perfusion fluid through tlie 
intestinsl tissue to the wuhed lumen of an isolated. 
perfused frog gut was proportional to the hydrostatic 
perfusion pressure. He also showed that the volume of 
Buid flow in the intestinal loop is proportional to the 

hydrostatic pressure. It would appear that in sucli a cwe I 
the exchange of potassium chloride into the gut lumen 
from the perfusion fluid is limited by the tissue-per- 
fusion rate. 

Differentiation and nnalysil of Behnke's' €fe curves 
give results in agreement with my S2-He comparix)ni 
see Table 1). The Behnke data reanalyzed con-'. cist not 

of 1 comronent rate but of 2. The 1st component is 
~lificult to approxiniate ironi the limited publisIir,t 
graph of the deta. hut the major portion of the ex- 
change ior S: ant1 He. respective 
of O.OS3 and 0.0073; the sliglit 
ab!e on the basis of incomplete 
exchange rates and resulting inclusion of a greater fat- 
gas exchange effect in the race of S: than in the case of 
He. 

Each inert gas. then. is exchanged at similar rates 
in tlie body tissues except as noted in fat. nhere the 
ewliange rate differs from the blood-tissue perfusion 
rate bv a factor of the ratio blood solubility, tissue 

3 gas of very great r a t e r  solubility vould depart from 
the general gns-exchange rule since lung clearance be- 
comes a factor. 

The similarity between the gas-eschange-time con- 
stants and the time constants of mising of substances 
introduced intravascularly has been pointed out (Jones 
et al.2). Also, the dilution cycles of intra~-ascularly in- 
jected substances 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 gas-eschange method. 
A literal interpretation oi this concept requires more 
exact knowledge of the sodium spaces of blood and 
tissues. A sodium curve calculnted from Gellhorn'~'~ 
data gives the follon.ing equation for dilution in blood 
of radioactive Xa follooing injection in dogs (Jones et 
al.:) 
(- - IRSyP-l.S" i . i ~ ~ r - o . ? i l c  I. t j ~ l r - O . O * S l  + r&-c W.. l .& 

( 7 )  
wliere C& io cpemt&&n of Sa in the plasma a t  any 
time;One of the m o d  r$@ed Srexchange curses ob- 
tained in man,\vherei\\t i5the amount of SI contained 
in t h  bgdy at iG time& l. 

i 

1 

8 

:: 
- ? 

solubility oi the gas concerned. As noted by Haggard." 

! ~ 6 0 c ~ ' - n " " n o ~  (amt oi Sa unescrpied) 
P -  

._ - 

h-:, = 1 q p . y  -+ 1 9 s - 0 . p  I42sp-o.O'u + - 95iZQ.Y + @)l&-P.G02Y ( 8 )  

T h e i s t  2 terms of eqlatik (8) include some lung S,. 
Rom gss-exchanpe Wdies  using gases of different 

solubilitiei and diEerent Jnil/mater solubility ratios. 

. -  
I -  , .. 

., - - 2 . -  

I t  &it$ 6nip1ep Welireiical equation for elimination 
of s? tp- tpe t+~& dvripg inhalation of high concen- 
tra'ffonS of C&. rn e3uSti6.n (9) the parenthetical com- 
ponents are lung S2. From comparison of equations 
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(S) and (9) it is apparent that S5% of the Sz of the 1st 
2 components of equation (8) (obtained without lung 
hyperventilation) is due to lung gases. In  equations 
( S )  and (9), item 42%-n~nzu matches the theoretical item 
of modal muscle jOOe-o.oz'; items 9k-o.sor and 100e-'~oos' 
are presumably represenhtive of intestinal gsseous 
St; items GOOe-a.OO"' and 4ooC-a~oo" are the compo- 
nent of body fat .  hddition of all the items of equation 
:9) gives an amount of S: in excess of the expected 
amount in t e m s  of body bulk and fat and the physical 
solubility of SZ in each. i n  equation (8), approximately 
250 rnl of Sz is irom the lung gas spaces, and approsi- 
mately 95 ml from the intestinal g u e s ;  skin transfer 
appears to be a negligible amount. Lung S: is difficult 
to eliiiiinate. m i l  vigorous hyperventilation with 0, 
is the only niethod of removing its influence on the SZ- 
elimination curve :>ee Table 3).  I t  is suggestive that 
tlie data of Behnke et al." (see also Fig. 4) as analyzed 
into 2 components wcoiint for the total bulk of the 
body, despite disregard of body-fat nitrogen, by coin- 
cident inclusion of wine lung Sz with component I and 
inclusion of intestind S: with romponent 11. Thus 
Behnke's "fat" component appears to be in the cor- 
rect order of magnitude by the summation of muscle 
Szt and intestinal Sz, and the "rr-ater" phase of the 
body could appear reasonable by the inclusion of very 
small, but difficultly removed, amounts of lung air. 
Nz Elimination As Measure of Cardiac Output.- 

Short-term Srelimination measurements have been 
concerned with the minute volume of circulation 
(IIarshall el al.44) and lung wmhing-mt time and with 
measurement of the 1st elimination of body SZ (Mar- 
shall el d.;" Darling e l  al.;'s.4s Cournand, el a(.;" 
Stevens e t d 3 ) .  They establish the rapidity of the wash- 
ing-mt of Sz from the normal lung, the normal rapid 
and almost complete clearance of the arterial blood 
and the general correlation of body size with the quan- 
tity of Sz eliminated in the 1st few minutes. Precise 
use of S: to obtain the minute volume is disallowed in 
my opinion. The best value that can be obtained is 
cardiac output minus blood perfusing the heart, thy- 
roid and kidneys and portions of other tissues such BS 
brain. liver, e t c . - a n  amount a t  times as great BS 40% . 

of the true cardiac output. Severtheless blarshnU has - 
obtained "re3sooable" results from the Bornsteiq' . 
technic, probably owing to incorporation of enou& 
slow-miung lung-air lit to make up for inability ti, 
measure the very vascular tissues. Similar errors am 

. 

. 

be m d e  more inclusive of the minute volume by in- 
tensifying the hyperventilation period to rinse the !ung 
out thoruughly. There is. howel-er, a dennite limlt 
imposed by the kidney.; and thyroirl (Table 4). for vhich 
tissues there IS only 3 rnl of S:, which is half eliminated 
el-ery 6 3ec folloiving 0: inhalation. 

.iPPLIC.iTIOSS OF G a s - E s c a ~ s c ~  ~ T C D I E B  

Use of He in Decompression Sickness.-S;ryeri 
et al." suggested use of H e 0 2  miyturei to iuitigste the 
severity of caisson dhease.1 The sugge-tion \vas based 
on the physicochemical properties of He. n.imel 
it exhibits much lower solubility in tissues than 
that it should diffuse more rapidly intu the b d y  
tissues bemuse of its greater diffusion rste. L-*e 
of He02 mirtures permits dil-ers to Fork st gre:rtei 
depths and to be decompressed more rapidly  eelin in he^). 
Part of the effect of He seems to be elimination oi S: 
narcosis. The other beneficial results in the light of 
eschange mmsurements are not so a s y  to analyze 4 i r e  
the gas-exchange rate of He in the body is not influ- 
enced by the great diffusion rate of He. Helium CY- 

change is the same 3s S: exchange escept as regaids 
body f3t. Possibly the fat effect accounts for :cla[i\e 
safety of rapid decompreieion rates of divers using He 
although, on a theoretical basis, as in the case oi the 
brain and bone m r r o x  discussed earlier, in exposure tn 
He the fatty tissue is s tura ted  more rapidly t ! m  \\it11 
S:. This may make this tissue sonien-hat more pume to  
a critical state of supemturntion in certain confiitiunj 
of compression exposures and decompression rates. 

Representation of Intestinal-Gas Nz in Gas- 
Exchange Measurements.-Inte~tinal gases i n c l d e  
a portion of exchangeable S. which is ~eliniinate~l 
through the lungs during O2 inhalation. The 0: con- 
centration in such gas pockets of the intestines sliould 
be rather constant and low because of the 0: tensiun 
huffering of the blood and tile rather high metalJolimi 
of the intestinal cells and bacteria. The Sz of the gut 
diffusesout progressively during O2 inhalation and I J  mat 
eschanged for O2 molecules. This leads to reductiun of 
total gaS v$ume, and rr-ith sufficient 0 2  inhalatiun tlie 
iwi+nie aob seyerity of decompression abdominal 
pain-enkbkd&@gsed (Henry el al."). The benefit 1s I 
functiochf +h$te@th of preosygenation. From the data 
of H e n 6  et a&, 3 simple calculation has been nisde 
s t h g  from @e assumption that the degree of syiiip- 
t o m  of E= D a i n  k orowrtional to the amount oi es- - .  . 

possible with all ioreign-gas methods. > p a n h b l e  i n k a d  gas in decompression. The calcu- 
-4ttempts at measuring cardiac output have for thg Iation showaa nt&f acquired protection of 0.006 irac- 

most part been unsuccessful (Jones") when care h e  t$nal ehange, 3 gaseous SI elimination from the 
been taken to eliminate lung NZ as much 8s  possible and. gut of O.SS703mip &ring 0, breathing. This time con- 
to begin measurements after 5 min of 01 inhalatiod stant of Kxcka@e slower than that for muscle mil  
The method consists in extrapolating the resolve& 'gig&@ moe r$p$ than that for fat and indicates 
components of the gu-exchange-rate curve and sum-; f&t ihie&al && can be I source of consideruble 
mating the rates 3t zero time for the indicated corn5 i&ra io @e.-geiie$ use of this portion of the 63'- 
ponents. This method is quite reproducible but it givedii ekckarigeBx!2el;?is may account for many shifts in  
"cardiac output" consistently in the range of 2 . F -  fiagnitudeokttt@ &wer components of the curve; i o r  
4.0 I, which can be approximated by subtracting from: & e l p a t  +& hort&er, such shifts do not account for 
the value of the cardiac output, as obtained by other5 POI$, $hap *,& of St. By coincidence, the gas- 
methods, the values known of the blood supply of t h e  a rcbnge  &cnCcoAs&t t i s  0.008; this is almost idcntl- 
thyroid, kidneys and heart. Possibly the method can-, &I -&& &e g d 3 i e  constant described by Behnb-e' - 5 I$ =-a.WfQ.2 2 

4 i~oirion of tat SI u iull rneludcd in Behnkc'a 2d unitlulverl g, 1_ .: - 5 
cYL1IpoII.ol ,; 52 ~ & o h h & ~ D * o s D r . u r o u  aieknau. 
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3. .Lnalysis of premygenntion p r r ' t ehm in younger 
rroups a t  3s OOG It is possible in  2 in-t.iiice>. Data on 
I group. compiled by Grayaa.." a t  RanJuiph Field. are 

. 

WRS mxnzlurulr 

t 8  34 
2 -  

g $ =  
YI - *  

: a  
0 %  t E ' o :  I 
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3 4  

g s  

I 
FIG. 7. 

for young subjects uith ~ntenals of preo\\eenatl*m 
Irom 0 to 60 mn before a standard redlap. f k h t  to 
h OOO it equnalent. Percentage of descent. plotted 

m u  pILactwuTo)I 

on a loguithmic scale against time of p r e o x ~ d b t h d ;  
(Fig. S) gives a good indication that the F&&ct$mi! 
Iuif-time of these subjects under resting c&djti&osli 

' - ' z ? :  
" , _. 

at 36oOO it is approsinixtely 20 niin. Thi: id :trikingly 
,liHerent ironi the older groups previously di>cus-ed. 
in a-hicli average preoq.genatlon pnitevtivn half-time 
I I - ~ S  approximately i0 min. Furthermure. there is still 
3 discrepancy. disruzsed later. in  that the prutectioii 
Iislf-time of 20 nun is even iaster tiim the a\-erage oi the 
?d component ot S, elimnation ior this group. 3 3  iiiin 
half-time. 

.lee range oi a 2d group, studie,l by the .\er'?nie<lical 
L-nit, Cniversity oi Caliiornia ' H r r , ~  cl  aI.j2), n . ~ s  .ip- 
prL!\inutely the same 3s Gr~y 'n .  Ttw grnup \vas te-red 
x t  boo0 it with a standard dep-up exercise ; trn 
$in. step-ups every 5 min). The points oi tiiue are sp- 
pro~im3tely 0. 12, 51 and 111 niin oi preoxygenatiun. 
respectively, a t  rest before decuiupv?ssicn. Data are 
given in prcentage of descent due to decompreision 
Gickness and plotted on a logarithmic scale against tinie 
of preoxygenation. This method ni  plotting is compara- 
ble to the plotting of the Sfiliruination curve and 
to the plotting in the 3 previously cited groups. Horv- 
ever, in this instance. a straight-line relationship is 
not acheved n-ith this semi1og:inthtuic plot; Le., the 
change of the log of percentage oi descents araitist time 
i s  not conipatible at  once n-itli our idem of S: elimina- 
tion from the body. On the sdnie graph 'Fig. 5 )  are 
shotvn the data obtained hy Crr~!-""" Tor 3 group of 
spproxinutely the same age over the same period of 
p reo~~genat ion .  The difference here is that Gray's 
data n-ere obtained on resting sultlects. diereas the data 
from the Cslifornia group were obtained during the 
standard step-up exercise at  altitude. In the case of 
percentrtge of descents under resting conditions. tliere 
is a straight-line relationship oi the log oi the percentage 
oi descents plotted against prectiygenntion time. This 
ivould be compatible with a S2-eliniiiiation hall-time 
of approsimtely 21 min and t i  considerably faster 
than that of the 2 groups reliortecl previuusly. Still. as 
will be shon n later, this can he i n  w i d  accord ith rur- 
rent knodedge of Sz elimination. 

I t  appears in the data of tents at 3s OOO ft equivalent 
by the California group using the standard step-up 
e s e r c k  that the curve is approaching some kind of 
horizontal asymptotic limit; Le.. after 1 hr of pre- 
&&&tion there is little inipr&ement in protection 
by i n  Zdqtional hour of preosygenation. Thus a con- 
dit& &&proached wherein, no matter how much pre- 
o3ygeeneth is applied, there ~ill be no additional pro- 
tection-bqond this limit. (Hon-ever, if COZ is involved 
in this exeicise limit, it may be possible that it will be 
eff6itiyp @y within certain levels oi t i s w e S 2  concen- 
tration.) R is assumed that a specific effect of exercise 
%vas prd$ing symptoms in excess oi those which would 

q c e r e d  even under sitting-resting conditions 
apdXlWi+nore ,  that this effect \\-as not related to ' 

$ $eoxygenation. hccordingl?-. the data have 
 bee^ a + & d  to separate these 2 effects. If this limit 

d&wd (Pig. 8), the difference between the amount of 
Fe-idue to the exercise effect, which i.- npprori- 
& t e l @ ~ o  descents for any pennd of preosygenation, 
&&t@ $xm-.d percentage of descents should, ac- 
&r&g t.@ the above assumption. give the percentage 
$ d2scda6 that  would have been obsen-ed under these 
&n&tE+&had this group rested a t  altitude instead of 
&;e&&$ Plotting of these differences (shaded area, 
g z ; d  . - / >  
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Fig. S) shows that the data predict those obtained by 
Gray. .ipproximately the same incidence of symptoms 
or descents as is obeewed in Gray's data is predicted 
in the California data. and the protection half-times 
are similar. 

In  every fractionation of these data the =me quan- 
tity of exercise limit is seen. I t  does not matter [Fig. S) 
o hether percentage of syniptoms or percentage of 
descents is used; the results are simil:ir. an3 the exercise 
limit in relative magnitude to the whole dars is op- 
proximately 49ro in either instance. I t  has :iko heen 
posible to obtain the same effect using time to onset of 
ryniptoms as 3 criterion of mensurement (Jones]'). 

A 3d analysis of data from this group is possible, 
namely, incidence 01 chest s-ymptorns. Fig. 9 gives data 
for combined descents from both joint and cheat pain. 
However, the extremely low incidence of descent from 
chest pain in this group effectively resolves these data 
into joint symptoms alone. Bridge et a[.'% compiled the 
incidence of chest symptoms of the snme study, and 
analysis of their tabulation of the incidence of chest 
symptom by plotting the log of the percentage of in- 
cidence agaimt the t i ne  of preoxygenation indicates 
only a single component of 35 min hmU-time protec- 
tion. From this analysis the definite statement can be 
made that there is no exercise limit to the chest s y m p  
toms even though the exercise limit is apparent in 2 
analyses of the loint symptoms in this same group of 
subjects. I t  is logical that  the symptoms associated 
\$-ith the exercise limit should have occurred as joint 
pain. This would be in agreement with the hypothesis of 
Lund and LawrenceY that decompression joint pain 
is produced in the extrafucicular spaces of the muscles. 
It is also possible that the exercise-limit effect has its 
origin in an  increased local concentration of CO?. Such 
a conceotration might attain local concentrations many 
times greater than the dissolved nitrogen conce_otra- 
tion. -: -. : 

The data of Clark el aLS5 are again suggesti~eof &e; 
general relationship noted between age, circuhti66 and- 
gas exchange. taken collectively, and protectiaP rstedof : 
preoxygerution. Decompression-protection rate. [Oh 
lows the expected S:slimination rate as shown in indi- 
vidual and group decompression scores (Fig. 9). Older 
individuals are more likely to be slower in rat+ ot pro- 
tection. S i a r  plotting of individual respod to. pre- 
nsygenation (Bateman16) also compares protection 
rate to possible ?;:-elimination rate (Fig. 9). I&theolder 
subjects there is this progressive tendency to$ard slow 
protection rates (Bateman;l6 Jones;'$ Clark,*( 'n1.u). 
Slow rates are not seen in the younger popukion  and;. 
are sometimes slow enough to correspond tf &gas+ 
eschange rate of body fat. This does not by nay bea' 
relate the phenomenon specifically to body f suy  + d e  
I t  is equally possible that it represents a genekl &en-? 
ing of the degree of vascularity of some crit idl  &siies; 
of the bodr. 

Besides'an exercise limit, there is evidence for's &lL. 
greater complexity of the factors increaaing o q w <  
ing the severity 01 decompression sickness. There is a 
large diurnal shift in decompression tolerance. Jlorn- 
ing runs tend to be more severe than the afternoon 
runs even though the fights themselves are carefully 
standardized (Henry el d.16). Coincident with this, 

6 <> I: 

the metabolic rate in the morning is lower than in the 
afternoon in tlir.ce w n e  teGt subjects and the gas- 
eschniige mete i. 4 m e r  in the morning thsn in the 
afternnun Tl1e.e jariations w u l d  nccount for a large 

8 
d m  :E 

w y  
4 m  

nOURS PREOXYGENATiON 
looO I 2  3 4 I 6  7 8 
90 O R  

YJ: 

W O  

60 

8 

s 
5 

t 10 g o ?  

9 2 p  
93 g 

6 94 y 
5 952 

I" 

91 g 

W 

e e. e 
FIG. %-General relationship of age, circulation nnd g33- 

exchange and protection rites of preoxygenation shon n in 
individual and group decompression scores. B.4, average 
individual protecrion rate (Baternan"). .irerage \? 

elimination curr-es ior age groups under 24-B Behnhe. 
S, Stevens and Ferris; J ,  Jones ( 1 ,  fostest curve.> d o n &  
curve; 3. i-test curve and 4, average e w e  d i6yr-uid 
group); 5, prrcerirage of symptoms retained, li-yr-dd 
group (Clark el ul .= i ;  6, percentage of symptoms ret:uned. 
zi-&oJd group; 7, percentage of symptom retnlncd. 
3S-.y+ group; 6, slonest individual protection rarp 
Broken 1iAt.s indicate loss of protection during 1 hr o f  
g r  +!?i.pg. 

ditfekr&:in the dissolved-gas concentration for the 
=me py@d of h', elimination and decompression ex- 
posired+nding on the time of day in the same group 
of wbbcfd. Stevens et d.' showed the diurnal shift in 
metab+i as evidenced by  0% consumption but re- 
porfedndguch shift in gas exchange from morning to 
afternoor& was noted by Henry et aLS6 This discrep- 

- Gra? ieported a linear progression of symptoms in 
&ougs::te&ed from 28000 to 38000 ft under either 
r e s € h ~ r i x e r c i s e  conditions. Although his data are ren- 
&or+bl% &dar data compiled by Cook ct d.'# disagree 
with Gags findings. In Fig. 10, these data have been 
&dyiid fbr uniform decompression Bights by plotting 
$trp0&8c pressure (in II~ID. Hg) of the test altitude 
q$pb'pWentage of descents. The data are separately 
&rid4 i@o A.M. and P.M. groups. The  morning and 
;ftgnqpqodhTerences are striking, and the gra tes t  
t i m m f d a y  difference both relatively and absolutely is 
present a t  3s OOO ft .  In the morning, when the meta- 
bolic t k u e  perfusion by blood and gas-exchange rates 
are lowest, data are closest to a linurr progression of 
descents with barometric pressure reduction (Jonea;" 
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Henry el a/.s6). In the afternoun. when metaholic and 
gassschange rates are greater. data for descents are so 
curvilinear that there is practi~.ally no gain in the num- 
ber of descents a t  35 000 it. These 5 separate groups 
appear to give no support to the hubble theory of the 
origin of decompression sickness. 

JOINT AND CHEST SYMPTOMS 

- 2% 

? 240 

E 230 - 
220 

w 200 

I* 

IS0 

x OESCLNTS 
Frc. 10.-Decompression s!-m toms nnslyzed by plot- 

t ing muospheric pressure (mi &) of test aititude aghinst 
percentage of descents, showing differences in morning 
nnd aiternoon. 

If the esperimentd conditions were only different by 
the indicated barometric pressures, there should have 
been 3 linear progression, aa Gray's data had formerly 
indicated. The differences between morning and after- 
noon Bight descents do give a linear plot of barometric 
pressure against descents. This may indicate that what- 
ever effect h a  caused the general decrease in expected 
descents with increasing altitude has been a change in 
concentration of dissolved gases in the body, or, a t  
least. the difference is in accord ni th  the gas laws. 
I tentative theory may be advanced: that approach- 

ing altitude as high BS 38 OOO ft, 0, tension isbec+ngj 
so loiv that some anoxia is probably present even 06 
breathing of pure 0,. If a mild stimulus to :anoxia is- 
present a t  38 OOO ft  or below, i t  is likely that circula- 

FIG. Il.-Changes in SZ elimination at altitude., Solid 
dots, S, excretion at sea level; circles. SZ ewretion at 
30000 f t .  Rate nnd rate of change of S? cliniin.irion 
increwd when altitude increa%d to 36 OOO ft. 

dots are mekurements made at sea level the day pre- 
ceding. Open dots represent measurements made a t  
30OO(Eft and agree well with the sea-level nieawre- 
me&= &!\ever, on decompression to the equivalent 
bf 9b mt the rate of ?ir elimination and the rate of 
change & the rate increase. Thus. when the suhject 

tion might be increased in certain critical areas of the drops.!hck to 1s OOO f t  after 40 min a t  35 003 ft. the 
body. This would necessarily increase N, traGfer from rate, of: 4 elimimtion a t  1s OOO ft is almost 50% 
these same an%, so decompression sickness would be doa-er,th& it mould hare been with thesame elapse of 
lessened. The fact that there are proportionally many t b  of:dsitrogenntion had the 40-min Bight at 3Y 000 
more decompression symptoms and descents in the ft net bee$ included. It is inferred that the concentra- 
morning at 38 OOO than at 35000 ft, wherem in the t iono f  di&olved St associated a i th  this tissue was re- 
afternoon the incidences are the same, seems to be dured.fh6amount of the difference by the 3 Y W f t  
the niainsupport of theargument. If anoxia istfiecausa- s i m d n d B i g h t .  Of 8 subjects tested for changes in 
tive agent, its effect i# likely to be greatest _when the W, & & & i o n  nt altitude, all showed 25-100% increase 
metabolic rate is the greatest. This is the obsefv&ceae.. 5 m t e  of?hange of S~slimination rate a t  35 OOO ft. 
The stimulating effect of mild anoxia on t& ceidiirc No ch&bgcwas seenat 30OOOor 33 i50 ft. Of 4 subjects 

output is known (GroUman?. McMichael andSnjrder" meclgufidat 35 OOO ft before measurement a t  38 OM) 
demonstrated increases in arm circulation &g&t LLI .- f$ bhpw@ Khat may have been a 10% increase, which 
100% on breathing of air at 16 000-18 OOO f t  e@&&& hn&r&srdedas signi6cant. 
and proportional reduction on breathing of pub Q,. :.'..Q@&y the change of N, elimination at altitude 
Whitehorn and Edelmann" stated that there fs ceca p i c e  5th abruptly near 38 OOO ft, which would sub- 
decrease in resting cardiac output at sea le@lk&n &&is& &e hypothesis that it is associated with a 
p u n  0, is inhaled. In a small gmup with a&&a@yf *&I$ of decreased 0% tension or mild anoxia. There 
significant effect ( N  = 22. C.R. = 2.6). Smith61 re- seems to be no evidence that this effect might be 3550- 
ported that symptoms were decreased a t  35 OOO ft if c i t e d  with a change in pressure per ac, since no change 
the subjects were mildly anoxic owing to restricted 0, in Srelimination rate is observed up to 35000 ft ;  this 
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is in agreement with the obsen-ation that there is no de- 
tectable change in Srexcretion rate up to 30000 ft 
(Shaw el 1 decrease in rate a t  altitudes ih indi- 
tiduals ha\.ing decompression sickness has been pre- 
dicted froni the fact that some of the body's dissolved 
gases beconie transformed into gaseous pockets that 
are niore dificult to eliminate than dissolved gapes. 
Froni estinixtion of collections ot Ea. pockets in roent- 
genograms I J ~  body appendages a t  altitude, it is proh- 
sble that le-< than 15 of body ?i2 is so trapped under 
the conditions of decompression sickness ordinarily 
.een a t  altitude. I t  would be estremely ditficult to show 
iuch a niinor effect by the ?;,-elimination method. 

.ill measurements of S? elimination in  direct com- 
parison to decompression testing have h e n  made nith 
resting Cubjects. I t  might be eapected that if mild 
anoxic effects could be detected a t  rest a t  36000 ft. 
the effect would be greater under the conditions of 
esercis used in most altitude decomprecsion tests. 

It appears that the longer a group preoxTgenates the 
longer it can stay a t  altitude before onset of symptoms 
in the subjects in  whom symptoms are destined to sp- 
pear ( Jn~ ies ;~ '  Henry el 01.~'). .In increase of about 15 
min in average time for onset of symptoms is noted 
with I hr of preosygenation. Thus, with 1 hr of pre- 
oxypenation. the true S,-elimination time might really 
be equivalent to nearly 75 niin of preoxTgenation 
indead of 60. Furthermore, the additional gain in 3'- 
elimination time is spent a t  38 OOO-it altitude. rhere  we 
expect the Sfilimination rate to be increased. In  con- 
sideration of these 2 effects i t  is apparent that  the time 
scale of preosygenation used in Fig. 8 cannot be strictly 
equivalent to the real time scale of denitrogenation. 

Hon-ever. some data of Gray" indicate that Orinhala- 
tion time spent a t  "prebends" altitudes ( 2 O W  
2S 000 ft) does not strictly add to the general preo.q- 
qenstion time. (Extrapolation @ descent.ctCp.g of Fig. 
10 shows that 28 OOO ft is a b o a  &c&&l~l t&ude  be- 
low which descents due t& a & o e ~ ~ ~ s I T o ~ A I  be 
esceedingly rare.) In  the re&L?of.20 OoQI-3@@ 4 this 
time is only ',-I j> as effectse 89 sea-level m % e m -  
tion.This suggests that  the physical events resp&ible 
for decompression sickness occur at. about this baro- 
metric pressure. although the$.'are not doanifet&til 
there is further decompres&a "his js C O I I U U ~ ~ ~  re- 
ferred ta as the "silent stagefro[ decompression dc!&ness. 
Extrapolating to 35 OOO and 38 OOO ft, we a-oi~l& ex- 
pect that additional time at.these altitudes spent qith- 
out symptoms might be eveb less additive ta t&e btal 
of sea-level preoxygenation, ThGs instead M 6 &xi- 
mal time distortion of 15 m i i ~ / r ~  of prco%y!-gtn&io$ by 
delay of onset of symptouix phe .time-disIo$oiJ a t  
35 OOO ft is probably no mor&thin 10 mioiihE d e h t h e  
gas-exchange rate is that Oi: t fk  }@ung, g r p g  urider 
discussion. Then a t  38 OOO $ tb  &e spqifi6 ad- 
tioml effect of increased (dogbl+&-dIif@n&t6& h t e  
from the slow tissues, the t@e qL.@rtbn%i$h<b&x- 
pected to  be about 20 n u n / k ( k i x ? i s : $ h ~  qea@t 
to 60 min of sea-ievel preo.&e&tim)fr.Slc~Memed 
Sr elimination at sea level for such a group is a b u t  33 
min haif-time and preoxygenation protection half-time 
for a 38 W f t  flight is 24 min, the estimate of 8 min 
shrinkage of the half-time of decompression sickness 
protection by pmxygenation is reasonable. 

Prediction of indi\idual wsceptibility t o  ilzc  nipr re;- 
sion +lines or individual protection tiriie 
genation has been rather ,iiscour:iciii;. C~~r rd : i t i~q t  of 
S:-elimination rate and decompreG-i.in sickric;. ha; 
been observed repeatedly. brit the n l u e s  hive not 
heen high (dte\-eils et n / . . ' 3  '' 11eni.y d 'orire at-  
tenlpti li:i\-e heen made to inwr.i-e the : ~ L c : I ~ ~ c  

preiliction hy mc3uring rhc S:-eliiiiiii.irim 
1 h r  hefore flight. Protrttion le\-els of t!=ue 
been roughly estimate4 t n  I)e lrJ5 o f  t h r  equil 
level as mlr.ulnte~l from the time nece-ii? tn : iquire 
protection and tlie r.ite <of the indivitliid s m i i n  "cir- 
ca's" S2 eliniin~tinn 'Juiies3'j, The met l id  I B  no t  v c n  
accurate because. ior an indi\-idiiaI, there is only a 
probability that the "critical tissue" nutchee the 
modal value for the "carca+." The interpretations ironi 
curves of indii-idual protection rates with preosygena- 
tion by Clark et  d.jS and Batem3nL6 are better guides 
to the characterktics of the "critical tissue" i n  indi- 
viduals; direct comparison with S2 elininaticrn ha5  
sufficient accuracy only with group niraiurement;. 

The discrepancy of individual protection r:itrs is per- 
haps comprehensible: there may be indivii 
tions in actual formation of bubbles: body fa 
sionally play a r d e  in decompression sickn 
is nnt t iken into full account in the theorized prntecti<sn 
level of S2;  last. the curves of S2elimiii:itim preiented 
here are a sort  of average for a certain croup or t isues.  
Many tissues. 35 classified by 935 exchange and I-ascu- 
iarity. must esist that  have a faster or a sluner pas- 
exchange rate than the component of gas eschsnge that 
represents the bulk of such tissues; when such t isues 
exist in small amounts, they are masked by tlie reis- 
tive mass of differently vasculnrized tissues. Thus in 
prediction of an individual's protection rate or protec- 
tion level, there is fair probability that the "limiting 
tissue" of his body ri l l  lie within his "aver3ge" gas- 
exchange component. However. it may not. In  iwt .  the 
limiting or critical tissue might in any instance clifier 
radically from the average or the modal value. In group 
data these deiiations tend to cancel themselves. and 
the large group should and does give reasonable agree- 
ment with comparison of decompression phenomena to 
gassxchange predictions, despite the fact that pre- 
diction of indi\<dual protection is fraught n-ith great 
variat.ion. 

The stability of the probability of group performance 
can be seen repeatedly in the data analyzed here. In 
Figs. 6-8 there is a remarhble smoothness in recession 
or progression of group avernges along the curves oi the 
graphic analyses. The coincident reliability of group 
prediction of S, elimination and decompression sick- 
ness of groups is made use of in Fig. 9. 

Fig. 9 is used 3s a basis for selecting required preoxy 
genation times. Loss of protection by 1 hr 01 air-breath- 
ing is also shon-n.,. The ?it scale refers to the total 
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amount of St associated a i th  component I1 tissues. 
The construction is similar to the other schemes pre- 
sented n i th  preoxygenationdecompresion d a h  here 
in which the protection or protection rate was alrrays 
proportional to the observed or predicted tissue-Sr 
concentration. Thus with any pelcentage of S2 removal 
from the tissues there would be expected a proportional 
reduction in symptoms of decompres%n sickness from 
what would hare been observed had there heen no 
preovgenation. Percentage of body S? retained and 
percentage of symptom retained are synonymous. 
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