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Reprinted from Medical Physics, Vol. 11, Otto Glasser, Editor (Chicago: Year Book Publishers, Inc., 1450,
Copyright, 1950, by the Year Book Publishers, Inc. -

Respiratory System: Nitrogen Elimination
Hardin B. Jones

The characteristic of gas exchange appears to be
mainiy 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-Booy EXCHANGE ofF INERT GASES
MEesasURED FOR 2 INERT Gases DURING SaME ExPERI-
MENTAL TIME®

Ry ks ks ke | ks
Ns 069 ... 0022 1
Kr 069 ... |0.022 ‘,
N. 0497 .. 0.028' |
He 040, ... (0025
N.  0.45 | 0.085 | 0.020 ?
Kr 040)0.090|0019] ° {
N: ,0.53{0.097 002 00078
He '0.50 0.0%4)0.022/ 0.00--?
N.t | 0.46 1 0.087 | 0.024 | 0.0047 ?
Net | 0.35 | 0.087 | 0.024 | 0.0038 | 0.0008

* Results are given in terms of time constants of the
equation: R = K'e —hti R'¢—ks + R'''e—ht
t Determined simultaneously using radioactive xenon.

change of helium, argon, nitrogen, krypton and xenon.
Regardless of the gas used, the similarity of the time
constant is apparent. Thus to no discernible exteat
are the vajues fixed by diffusion rate or by factors of
permeability. Additional evidence that the gas—ex-
change-rate constants are determined by the blood-
tissue-perfusion rates is that the summated circulation
to the body tissues calculated from the gas-exchange
rates closely approximates cardiac output, and the re-
gional perfusion rates so calculated from gas exchange
are uniformly in agreement with other existing measure-
ments.

The idea of inert-gas exchange depending on the cir-
culation is not new. Every investigator of the past re-
ferred to its probable importance. It has been relatively
weighted with a permeability factor in theoretical con-
siderations of gas exchange, and recent extensive theo-
retical consideration has favored the weighting of the
permeability factor (Smith aad Morales'). The con-
verse effect was established (Jones et al.?), for it had
become apparent that the time constants analyzed
from data as on radioactive nitrogen, krypton and
argon uptake by the hand gave remarkably similar
time constants. Experiments were devised in which
whole-body exchange of Ny and He and of N and Kr

R RRRY

were done successively. The subject was. denitrogen-

ated by O. inhalation for several hours, then he re-.
breathed a He or a Kr atmosphere; this was followed .

by a 2d period of O. inhalation during which exchange
of the noble gas could be measured. The most precise
experiment was that with radicactive Xe. In this in-
stance the subject equilibrated with a known amount

of radioactive Xe contained in air before beginning O, -
inhalation. Thus both gas-exchange rates were measured -

exactly simultaneously. The results showed an excellent
matching of time constants obtained by semilogarith-
mic analysis of the curves. Results extraeted in these

comparative studies show that the time constants ob- -
tained in the same circumstances and the same time.. .
period are nearly identical. The amounts of the nable : -

gases eliminated in each case are in good agreement
with 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.

TABLE 2.—Rerative Difrrsion oF Gases aT Roowm
TEMPERATURE THROGGH A HYDRATED GELATIN Mex-

BRANE®

| Texe. oF | K '
Gas { MEeasURE- | (ARBITRARY ' REL. DiFFUsion Rates

Mext  Usirs)
N: 241 146.0 iNg = 1.00: 0 36

He 23.8 142.8 2.57 He = 1.0
H, 24.2 126 0 3.20! 3
231 W73 0.8 ! 0 30
CO, 230 146.0 | 0.75 0.27
r 232 1 1470 | Q.58 1 0.21
Xe (not measured) ‘ (0.36 0.13)
|

)‘ (

* The membrane was 1% gelatin stretched on Nylon
stocking, dried and rehydrated. One side contained a
circulating saturated solution of the gas to be measured,
and the other a circulating solution of water free from the
gas to be measured. Results were calculated in relative
terms as
K= volume of gns exchanged X +/ molecular weight

solubility in water

If diffusion or a permeability factor limited gas ex-
change, it would be expected that the resuits would be
influenced 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 shown in the
consistency of diffusion of dissolved gases through hy-
drated gelatin (Table 2). Thus over almost an 8-fold
range of relative diffusion rates (He to Xe, 1.0-0.13
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relative diffusion units), results in gas-exchange 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-gas-exchange
rate. Aside from the matter of differential solubility
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. It also is equal to the gas-
exchange time constant K, within usual limits of ex-
perimental error. In any tissue component of the equa-
tion

Ao = dpe~Hand R = Ree—M (1)

the amount of blood flowing through that tissue =
Ro/aB, where aB = solubility of gas in the blood.
Total volume of the gas A in the tissue at zero time by
integration = Ro/K, and volume of the tissue = R,/
ak, where a, = solubility of the gas in the tissue. The
blood perfusion rate then becomes

Ro/aB -

Re/ark aB
In non-fatty tissues a; = aB, and blood-perfusion
vol/vol of tissue/min = k.

(2)

GENERAL METHOD or Gas-ExcHANGE CALCULATIONS

The accumulated uptake or the accumulated elimina~
tion A is usually expressed as the quantity of gas at
standard conditions absorbed or eliminated up to a

GENERAL ACCUMULATIVE
GAS EXCHANGE CURVE

*

Ay

Fia. 1.

given time t. Examples of this treatment are calcula-
tions from compressed air uptake, radioactive gas
measurements, foreign gas uptake. The general gas-
exchange equation of the amount of exchangeable gas
is
Ay = 4 (1 — e=8) 4 A" (1 = e~k) + 4,'(1 —
e=ki) 4+ .. .. (3)
In the differential form the gas-exchange-rate equation
becomes only slightly changed, and this form (equa-
tion (4)) of the equation is conveniently obtained when
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gas-exchange rates can be measured continuously, as with
the radioactive-gas-exchange method. Experimental
accumulative data are most readily differentiated by
aobtaining 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 beld at
a tangential point while the other reads the slope {rom
0to1,0to 1G or 0 to 100 min. For gas-exchange meas-
urements, however, the tangent method of obtaining
rates from the accumulative curves is relatively much
less accurate on the asymptotic portion of the accumu-
lation curve. Rate of gas exchange for the slowest com-
poneats is better measured directly as rate of elimina-
tion (inert-gas elimination/At). 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 basis of a particular theory
and fitted to the experimental points or are perhaps
shown without the experimental determinations. Such
analysis will only extract a form of the original theory.
The rate is usually given as rate/min

R = Role=ht + Rfe~ht @ Ry'""e—ht + .. .. (4)
The integral relationship of A and R is
LB RS
4 = T 4’ = ol ete. (5

A’, ete., represents an amount of N, associated with a
given tissue defined in terms of vascularity. 4’ par-
ticularly is not the N: from the blood as theorized by
Smith and Morales! in a similar expression of gas ex-
change, but represents the most highly perfused tissues
that can be detected by the methaods used, and:the tis-
Bues concerning A’ include the confained blood. On =

the basis of gas solublhl:y in body tissues for the nom-*
!, A, ete., represent an amount of -

fatty tissues,
tissues. Slmxlurly R!, R*, etc., répresent amounts of
blood perfusing the tlssue per stated time interval.
In equation (5), A’ = Ry'/k;, the time constant k, is
the blood-tissue perfusion factor since k, = R,’/A'.
R’ X solubility factor = vol of bigod/min. 4° X solu-
bility factor = vol of tissue + its hlood poot:

Thus when the distribution ratio of the exchangeablz

gas is unity in the blood and tissues, the time canstant-
k has both the meaning of fractionaF gas exchange/min-
and vol of blood/vol of tissue/min. & ia calculated’
as the reciprocal of the time required’ to.effect a cﬁauge-,
in rate of amount to 1/e. Conveniently it fs measured-
from the time to the half-value (half—nme) o
P log, 2 S:

half-time =

Fig. 2 shows schematically the method of plotﬁng»
exchange rates as the log of the rate oEexchsngeaylmt
time. Desaturation curves of tissues as determined by ~
radioactive gases have a form similar to equation (4)
since these data represent the unexchanged portion of
tissue-dissolved gases A,

Ac = Ay e~k + Ay e—M + Ay "e—k +, . (6)

Such data can be treated as in Fig. 2; the differential
form of equation (6) is the same as equation (4), and
the integral relationship the same as equation (5). The
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semilogarithmic plot of either R, or A; vs ¢ may then
be subtracted into component parts correspondmg to the
portions Ro'e—*, 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

L

GENERAL FORM OF GAS
EXCHANGE RATE CURVE

L3 Model Ges Exchonge of Viscera

Mede! Gos Erchange of Musche,
Convecting Tissee, Shis, we.

-3 0
g Mode! Ges Exchenge of Fef]
-
L
L ALy
1 J L
» 60 90 120
MINUTES

F16. 2.—General form of gas-exchange-rate curve plotted
as log of rate of exchange against time.

component, the last component is paturally left unre-
solved and no guess can be made as to its potential res-
olution. This fault lies not with the method but with
the primary goodness of the data concerned, for they
cannot 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 N, exchange is
that the gas-exchange measurements have seldom been
good enough to make exact resolutions of this type.
The accumulative Nj-elimination curves of Behnke's
were fitted by him with a 2-component exponeatial
equation:

Ay = 364 (1 — ¢~000) 4 500 (1 — =o.008m)

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

BEHNKE'S MEASUREMENT
CONSIDERED AS A SEMI-
LOGARITHMIC RATE CURVE

. SWerer®  (Comport with Figure 2)
-3
2 at®
]
Modol Fet
Modet Muscle
M»“‘ e
1 L
L] ) [ 120
MINUTES
Fra. 3.

equation of Ny exchange is essentially that of Fig. 3,
which is the same as 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 are apparent, but they are not
as serious as might be indicated here. The more rapidly
exchanging component is iittle affected; the difficulty
as regards the 2d and last component is that the tissues

Iiblibl
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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 has
limited meaning in terms of the blood-tissue periusion
factor.

The method of Stevens et al.? is applicable to the st
20 min of the gas-exchange curve. [t comprizes plotting
log of rate against log of time. The straight line on the
log X Ing plot appears to be due to coexistence of the
main effects of 2 exponential components of the gas-
exchange curve; beyond 20 min a piot of this type is not
a straight line (Fig. 4). Although this method is exceed-

STEVENS' METHOD

Log Ry

ereralemaed e edrrdradnarked I
3 ¢ L -

MINUTES

Fig. 4.—Stevens’ gas-exchange-rate curve plotted as log
of rate against log of tire.

1
i 2

ingly simple and has justifiable accuracy, it does not
-lend itsef to thezmore general interpretations of the
‘rghe:oryrof gad exl:hénge and vascularity of tissues,

\mzoosx Etca ANGE OF THE Bopy

3 The body tissués at sea level contain approximately

-0.01 vol (STP) of:didsolved Nz/vol of non-fatty tissue
and approximately 0.05 vol/vol of fatty tissue (Born-
stein;¢ Campbell and Hill; ;# Grollman;* Behnke®).
After s change in barﬁmetnc pressure, the amount of
dlaaol\ ed N, changes, And changes in barometric pres-
Sure are followed by fe-equilibration of the dissolved
N to extents. proportional to the N, partial pressure of
the gas mixture inhaled. Associated with exposure to
_compressed air is & net movement of N; into the tis-
sues; apd-with decompressmn there is a net outward
transfer (the mechanism was discussed earlier). Effec-
tive el:mmahon of _dxmol\ed tissue Ng can be brought
abodt by replacemgnt—bf air by other gas-O, mixtures.
Helfgm is used tareplade N: in diving; its presence in the
body. i§’ more favorgbld during diving and decompres-
stoncthan that of N oft the basis of solubility. Inhala-
tlonof igh capeent&mtidns of O also induces N, elimina-
tion; such procedure for removal of dissolved body N
1o protect against low-pressure decompression is knowan
as preorygenation. The réle of N, in decompression
sickness and the oxygenation principle of N, saturation
were recognized in 1878 by Paul Bert.?

The vascular pattern of the body tissues primarily
determines the characteristics of the N, 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, min ‘tissue or ‘organ and the
estimated average rate of N, removal min during de-
nitrogenation. The fraction of N, removed ‘min, except
for body fat, is the same as the blood-tissue perfusion
factor. A factor of 0.3 means 30 removal of excess
nitrogen ‘min. Gas-exchange rate clozely approximates
bluod-tissue perfusion rate. The exception is fat. Body
fat has about the same vascularity as resting muscle,
but the relutively high solubility of inert gases in fat,
as comparer with blond. causes the gas-exchange rate
for Nz to be slower by a factor of 3 than the bload-tissue
perfusion rate,

If current values for the blood-periusion rates of the
body organs are accepted. it is apparent that almost
3, of the cardiac output is distributed as folfows (see
also Table 4):

Thyroid. . 1.7 (Means*)*

Kidoey.... 23.09 (Smith®)

Heart. . . . 2 6% (Bazetth)

Small glands. 1 8¢ (estimated)
rain........ . 13.0% ( Kety and Schmidt!?)

Bone marrow. ... .. .. 6 3% {Jones'H

Hepatic portal....... .26 0C; (Bradley;!¢ Jonest?)

T+ 4%

* 5.3% extrapolated to man from studies in the rat; wc-
cording to Jones et al.?

This leaves about 3/, of the cardiac output to supply
the remainder of the body. The vascularity of the car-
cass, le., the living body excluding viscera, should
average about 23 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 5-7).

Except for organs as vascular as the kidneys and thy-
roid, the measured N: exchange of the body accept-
ably describes cardiac output. body volume, percentage
of body fat and vascularity of the body tissues. It is not
possible to eliminate inert gases in the lung spaces rap-
idly enough to detect the small quantity of N:contained
in the kidneys and thyroid. Since the rate of exchange
of dissolved inert gas in these organs is about 3007/
min, and since the amount of dissoived gas concerned
is equal to approximately 3 ml. it is impossible to con-
duct such measurements at 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 N,O method (which
is the same gas-exchange mechanism) is difficult be-
cause lung mixing is occurring simultaneously with
cerebral N0 uptake (Kety and Schmidt!?).

Nitrogen Elimination from Lung-Gas Mixing.—
Inhalation of O, washes out N. from the lung’s air.
The rate of this exponentinl mixing of gas volumes is
described by Darling et al.,'* Bateman!® and Jones.!* In
quiet normal breathing, equilibration of the lung gases
with a newly inhaled gas composition does not approach
completeness for 5~10 min. Table 3 gives averages of a
small sample of data (Jones'3). 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 rate, 0.43 min half-time
(column I, Table 3). Since this roughly coincides with

L1b1 145

RESPIRATORY SYSTEM

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

TABLE 3.-—MIxiNG RaTes oF PrLMoNary (ias Vorrue
DURING NORVAL QUIET BREATHING®

Rapip RaTE SLow Rate
Vol of respiratory
gas 2.3 =051 0.71 =0.001
1 ~time of equil-
ibration 0.45=0.13mia 1.6 =90.+min

Time constant, &,

of equilibration 1.55 = 0.4 min 0 44

males, weight 170 = 20 1b, height

= 0.10 min
* Subjects were 7
70 = 1.Sin.

these subjects with u single rapid mixing have the true
normal pattern of lung ventilation. In all subjects with
histories of asthma there is great accentuatinn of the
slow rate. With pulmonary emphysema the slow com-
ponent is even slower and may approach 3—4 1. Occa-
sionally there are observed additional slower rates
of ventilation mixing in the “normal” group. Patients
with polycythemia vera appear generally to have 1 or
more udditional slow mixing rates (this study is incom-
plete). In many normal subjects the pulmonary mixing
rates are rapid enough so that they do not interfere
with studies of elimination of dissolved N, from body
tissues. Even after 5-10 min the usual subject will have
some lung N interfering with measurements of tissue
N: unless precautionary hyperventilation is used to
flush out the lung Ns.

Gas Exchange of the Brain.—The blood perfusion
and gas-exchange rate of the brain are of relatively
high intensity. The value for cerebral circulation in
man obtained from the N,O exchange rate is 0.76 | of
blood through the brain, 'min {Kety!"). In development
of the N.O method for cerebral circulation Kety and -
Schmidt!? assumed that cerebral circulation is the same ..
throughout the brain. The gas-exchange theory of =
cerebral blood flow and gas exchange is supported by
the following evidence. (1) Different gases. radioactive
Kr, radioactive Xe (Jones!’) and -N:0 (Kety and
Schmidt!?), give similar values for cerebral gas ex-
change. (2) The total amount of N,Q absorbed by the
brain on the basis of solubility represents a tissue vol- -
ume equivalent to the brain. (3} If a large portion of gas -
exchange to the brain were extremely slow (as suggested
by the Campbell-Hill'* data), it would-be impossible _
to account for the tissue mass of the brain from the re- .
masining rapid portion of the gas exchange, and sach:
gas exchange as is observed would mndicate much too:
large a blood-tissue perfusion factos; reasonable calix
brations of gas exchange have, howeter; béen-obtained
by Kety and Schmidt'? with direct low measurements 3

The magnitude of cerebral eireulatiog from N-Q»
measurements is 0.76 |, min (Bete!)s or ag average
tissue perfusion of 0.34 vol of btood. vel &f tissue, i
Another method, that of injecting Evans blue into the
carotid artery and measuring the dilution in the jugular
blood, has been used by Gibbs et al.!* Their values
roughly check those of Kety and Schmidt.}* Average for
7 subjects by the injection technic was 0.62 1. min or
0.44 vol of blood/vol of tissue, min. Since both groups
of investigators obtain precise calibration of their

Coetetbony
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method with direct flow meusurements, probably the
difference between the 2 average values is due to the
small samples concerned: the difference is approximately
equal to the standard deviation of the measurements.

In view of other gas-exchange studies and some pre-
liminary studies with N.. radioactive Kr and radioac-
tive Xe. it is likely that the circulation to the brain must
he ennsidered to include at least 2 differently vaszcular-
ized tissues (Junes et al.®. This vascularity eorresponds
to blood-tissue perfusion rates of approximately 1.4
and 0.353 vol of bload vol of tissue min (Jones*13},
Application of the simplified situation of a single per-
fusion intensity for the brain leads to an impo=sible
concept. that of a gas-exchange time constant changing
with time (Kety and Schmidt'?), The simplified con-
dition of a ~xingle gas-exchange process is roughly suffi-
cient under special pracedures to give total or average
cerebral circulation. However, consideration of N,
concentration of cerebral tissue from the standpoint of
decompression phenomena must at least assume gas-
exchange rates of tissues as having 2 degrees of vascu-
larization and thus represented by 2 different time
constants. A significant factor in cerebral gas exchange
is N: solubility in brain. measured by Cumpbell and
Hill'* and by Kety!” and showing that brain lipids have
the same N, solubility as non-fatty tissues.

Except for the work of Campbell and Hill,* specific
information is not available on rate of total removal of
N: from brain tissue during denitrogenation or decom-
pression. There is reason to doubt the values of Camp-
bell and Hill because their tissue-N, saturation levels
are not consistent with the increased N, tension. Also.
the concept of & slowly saturating brain is dependent
on # 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 increased N, tension.
Again the same experimental animal with a lower than
predicted saturation supports the conclusion that gas
exchange in the liver is extremely slow. In view of the
general discrepancy of these data with recent gas-
exchange studies, further work on this approach to the
problem is indicated. However, there is otherwise every
reason to believe that gas exchange to most portions of
the brain is as rapid as indicated, namely, 355 equili-
bration ‘min. Also. since there are no llplds in the
brain that concentrate dissolved gases (Campbell and
Hill:*'* Kety"), the indicated cerebral circulation
would necessitate that the whole brain be equilibrated
to a changing inert-gas concentration in the lungs to
within 10 of the change in inert-gas concentration
#-7 min after the change in lung tension of the gas has
been effected.

It should be expected that symptoms of seroembo-
lism of the brain should be seen only soon after decom-
pression. Cerebral symptoms are. in fact, ohserved in
low-pressure decompression (Engle et al.;** Lawrence
and Lund:* Goggio and Houck;? Wh]tten“) They
are associated with early severe symptoms, particularly
“chokes.”” In some cases the cerebral symptoms oecur,
not during decompression, but after recompression
and again only after severe chokes and bends. It is sug-
gestive that the cerebral svmptoms—scotomas, nau-
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sea. vertigo and headache—which occur after recom-
pression are not due to emboli formed primsrily within
the brain but are circulatory aercemboli which are
lodged in the lungs and with recompression shrink
sufficiently to pass through the lung capillaries and
to be carried to the brain, where thev block certain
critical capillaries. It is difficult to predict the rate of
resorption of an aeroembolus in the brain. since this
certainly depends on the effective vascularity of the
tissuye immediately around the captive 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 iz de-
termined by tissue vascularity. Behnke®**suggested com-
pression treatment of patients with such cerebral syrmp-
toms.

The brain, then, is relatively protected from super-
saturation of dissolved gases on exposure to high-
altitude decompression. On the other hand, if there is
a tendency to bubble formation in the brain comparable
to that in other body tissues, damage to the brain
should be more likely in diving decompression when
compression is great and decompression rapid even
though exposure to compression is brief. L.e., the brain
is vascular enough so that during 10 min of any ex-
posure to compressed air it is 90S% equilibrated with the
N tension, Other body tissues “hlch have slow gas
exchange, such as muscle or fat, may be less than 5~10C,
saturated. Rapid decompression from such a situation
sould result in an inert-gas supersaturation for the
brain 9-fold greater than that for the tissues of the car-
cass.

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 néver
directly concerned with decompressich sickness. The
rapidity of kidney- 13 exchange is apparent in measure=
ments of urinary gaseous N, during compressed-air
inhalation (Hill and Greenwood?®). The st sample of
urine taken 8 min after the start of denitrogenation is
essentially equilibrated. Probably equilibratioa had
tuken place much sooner than 8 min {calculated 90
equilibration 20 sec after compression). =

Gas Exchange of the Heart.—Blood flow to the-
heart has been variously estimated ta’be from 150.to
200 m! min (Bazett!!). This means a bjood-tissue per-
fusion factor of at least 0.5 vol of blood/vel of tissue/.
min and a gas-etchange equilibration rate of at least”.
50 equilibration, 'min. The heart. thep, is asiminane *
as the brain to supersaturation conditions. E‘(posure
of the heart to the hvpothetxcal bubble ~hower fram the -,
lungs on recompression is not as likely toroceur as-in the ..
brain because the buoyant bubbles ma\_teud to éscape =
the openings of the coronary vessels, nhvress they.  may
eusily pass up the carotid arteries.

Gas Exchange of the Small Glmdi.—’l‘ﬁe adre- :
nals. pancreas, testes and prostate haveé not been
measured with reference to their gas-exchange rate,
but presumably they are well vascularized and their
perfusion is of the order of or greater than a blood flow
of 1 vol of blood/vol of tissue/min. It is not likely that
any of these organs are involved in’decompression sick-
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ness since their rate of clearance of dissolved N. would
be at the rate of 100 equilibration,'min.

The rapid disappearance of N dissolved in saliva was
measured during O: inhalation by Scholander.*® [f one
uses these data as a basis lor calculation and assumes
the rate of N disappearance from the saliva to be the
samne as that of salivary tissue, the salivary gland should
be cleared of N. at the rute of 50¢7 ‘min. The blood-
tissue perfusion factor of the gland ought, therefore.
to be 0.5 vol of blond vol of tissue ‘min.

Gas Exchange of Bone Marrow.—Bone marrow is
suggestively a site of decompres<sion sickness. How-

TARBLE 4. —Resiuvar Buowo Perru-ron

still considerably greater than in the other tissues of the
carcass,

In caisson disease. as mentioned for the brain, the
red marrow may be subjected to a less favorable super-
saturation than tissues greatly more vaseular or greatly
less vascular when decompressian is rapid even though
compression exposure i brief, Red murrow, like bLrain,
can saturate rapidly. Ten-min exposure to any com-
pression should result in 73307 equilibration in the
red muarcow, but in desaturation this gas-exchunge
rate can easily Le exceeded by rapid decompression.
Fatty marrow in the same periad is likely to be nuly

Rate=< axo Dr<soLvep N: Excrance Rates

- - VoL ur - .
e VoL oF You oF FRacTD oF N,
Tresve Tizsve, Mo Na Mo 1[}“\)'[)[0‘ Rexovep ‘Mix
L Mis
Lungs 1200 12.0 5.8 18
Thyroid 30 02 <0 30.*-0 10+ 10-3 .0
Kidneys 270 27 133 50
Heart 300 30 W 158 10,5
Adrenals, T ml '
Testes, 30 ml 78 0.8 0 08 (1.07
Prostate, 23 ml f
Sulivary glands 33 04 0 02 0 5
Brain 1400 14 0 O THs 0 5%
Marrow (hemopoietic) 1400° 30.0¢ 030w 015
Hepatic portal
Liver 1560 17 02 027
Spleen 150 15
Pancreas 33 09 13 0.5 ‘av.
Intestines o7
Stomach 1330
Colon f
Intestinal contents (1300 100 0} 0 008
Prob.-\in. Prob.-\in.
Muscle (40 1) \ 1 00 10¢ 0 025-0 01
Connective tissue (3 1 > 45 000-53 000 430-330 0.1 -0 05 0 02 -0 003?
Skin (3 1) { (0 330 23° 007 -0 01
Fat (121) 135 000-3000 750(60(;):230 02 -015 0.005-0.003
1182%
70-kg man, 1.83sqm .. 5.89 -5 0w Expectel® (5.8%

® Figures in parentheses are approximated.

t 0.35—modal perfusion rates; 1.5—of cerebral tissues; from Jones.!?

$ Includes organ lipids.
¥ Notincludingintestinal gas; at standard conditions.

€ Calculated from average value of direct Fick measurements of resting cardiac outp:

! From Wadsworth?¢ and Rawling.?
* From Cournand et al.*’

* From Jones et al.?

* From Means.?

+ From Smith."”

¢ From Bazett.!

7 From Scholander.

§ From Kety, '’

* From Bazett.! ®

19 Jones.!?

11 From Bradley et al.'* and Lipscomb and Crandall.®

ever, marrow aeroemboli are probably more frequent
in fatty than 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 79 of the circulating biood
vol/min (Jones'?). These values, transiated to man,
would indicate approximately 300 ml of blood to the
hemopoietic marrow/min and thus s gas-exchange
rate of about 155¢ change/min. This intensity of circu-
lation may be poor enough so that bubbles are formed
in the hemopoietic marrow under conditions of decom-
pression, but the vascularity and gas-exchange rate are

Piblldl

ut;

BETS)

Dok Ly

Jile

5 saturated (Tuble 7). Fatfy marrow i§ presumably
like body fat in terms of vascularitys No measurements
of gas exchange fot' this tis¢ie -have been done since
Campbell and Hill.g Although there may.be reason to
question the validitfof this whole sef ofdata. analysi= of
N, exchange in bone marrpw(3-9555 fat) from their
3 goats at 3 atm forl.£a8d § ht'givesawaverage time
constant similar tathat 8f Body fate(Table 7). This
means that the rafs of gas excEunge-in Tatty marrow
is of the order of (6% change /mip. With decompres-
sion, great supersatyrafion of dijsofved gas can persist
in fatty marrow fotlong perigd<and the fatty marrow
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might be an ideal location for development and growth
of aeroemboli as far as the factor of dissolved inert gases
is concerned. In decompression following short com-
pressed-air exposure. fatty marrow and fatty tissue
may not develop a critical supersaturation because of
<lowness of gas exchange of these tissues.

Gas Exchange of Liver, Spleen and Intestines,—
The amount of blood diverted to the hepatic circu-
fation was measured hy Bradley ef al.** and Jones.*"
This volume of blood vorresponds to 30 of cardiuc
autput min so that the tissues supplied must, from the
standpoint of the body average. be considered fairly well
vascularized. E.g., the liver receives 1 vol of blood,/vol
of tissue, min. Liver-gas exchange is complicated by the
fact that most 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 Nj than the arterial supply to the liver.
Thus actual gas-exchange rate of the liver is consider-
ably less than the blood-tissue perfusion rate, which
would be 100%,/min with this degree of blood flow if it
were all arterial blood. It has been estimated that !/;-
1/, of the liver blood comes from the hepatic artery, but
on the whole the liver can desaturate only slightly faster
than the other tissues contributing to the portal stream.
If the total hepatic portal blood flow and all the tissues
concerned were lumped together, average blood flow
would be 0.5 vol of arterial blood/vol of tizsue/min.
Perfusion to the spleen is known, from the rate of up-
take of certain radioactive colloids (Jones!?), to be ap-
proximately 1 vol of blood/vol of tissue/min. Thus the
spleen should account for only 105 of the blood per-
fusing the liver. Another source of portal bldodis thet
pancreas. Perfusion of the pancreas has not beemeas-:
ured by these technics, but even if it is as great as that
of the thyroid, it could not account for a major part of
the blood in the portal stream. Therefore the main por--
tion of this blood comes from the gastrointestinal tract.
Some also comes from the mesenteric fat pads, but in a
lean individual blood flow through fat is so small as to
be negligible for these pads (100 ml,/min 10r-4  of mesen-
teric fat). Approximately 135S, of the cardiac output,
then, can be guessed to move through the intestinal
tissue each minute; thus average rate of .’nib{ogen re=
moval from the intestines is 509,/mia.  :* < .

In the case of the portal tissues, as indezd with alt of-
the body tissues, gas exchange is not. represented.
simply as an average of blood-tissue perfusion fuctors;’
instead, tor each tissue, however homogeneslis, there:
must be considered to be at least 2 degrees &f relative:

perfusion vascularity. This presumably ts dge fo the,

fact that the vascular bed in a tissue is not aniforgy”

functioning; on the average, there is a chafhceristics

vascularity, but here and there in each i$sué i¥ mere:
or less than average blood perfusion because of random
pattern of open capillaries. The sensitivity of gas-
exchange measurements is such that small regions of
coincidental excess of functioning capiilaries 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. Average saturation, neglecting the regions of
high perfusion rate. is readily calculated from gas-
exchange measurements and is given in Tables 5-7 as

[1b11L8

the modal value of the tissue circulation. The other
statistical extreme of tissue vascularity is represented
by regions that are momentarily poorly perfused by
having relatively few open capilluries. In extent these

TABLE 5.—BLooo-TissUE PERFU=ION 1IN RESTING MEN
AGge 20-23
(Determined by Rate of Uptake of Radinactive Krypton:

Room Temperature 20 C Junes?13),

Havo Leo THIGH
. AMode, . Minde s Mo
AT ey v wheet AT s
0.118 0.043 . 0.017 0.013 0 029 0 07
0.080 0018 . 0.027 0016 0037 0O
0.104 N n29 0016 000 0015 001t
a 058 002 0013 001l S
0 073 0 024 0 020 0018 0037 0028
0.063 0026 0.018 0014 0.020 0018
0 034 -0 023 0 040 0 028
0 053 0 023 0.012 0 010
0 081 0.029 | 0032 0021
0.045 "0 019 . 0018 004 0026 0 026
0 040 j 0013 0027 0 020 nns 0011
0.070 Av. i 0.025 0.019 0 014 0026 0 01

* Average value is the perfusion rate as volume blood.’
volume tissue for the whole appendage.

t Mode values are for the main tissue mass of the ap-
pendage. ILe. in the hand, 807 of the tissues have

.0.025 vol of blood vol of tissue min, whereas the whole

hand is vascularized at 0.070 vol of blood vol of tissue min.

amounts are possibly as much as the small fraction of a
tissue that is more vascularized than the modal tissues,
but the method of measurement of these tissues is very
dngensitive because so little blood perfuses them.

- Tt ig rather difficult to predict the minimal values for
‘tissue'circulation in the hepatic portal circulation since
we-af¢ dependent for values of circulation not on gas-
exchange values but on other technics mentioned that
give anly average organ-perfusion rates. If one judges,
'hoA\\‘e@r, from other tissues, the modal circulation of
these tissues should be within 509 less than the aver-
age circulations to the tissues concerned. In absence of

iT;iBLE 6. —NITROGEN ErrviNaTION 1N MUSCLES

Vou Broop/Vor
Tissve/ MIN;
or FRrRacTION

Revovep. Mix

o

CoxDITION | Av. © Mode

rest; rgg‘lining (thigh. |

Man v
AR Table 3 | 002 ° 0019
o T anesthetized; rest 0.035 | 0012
2 D >y rest . 0.023 . 001
Ity heavy steady state; ex- | }
Tz 5 ercise i ? . 0.048
£a8* £ ancsthetized;  vigorous ;
intermittent  contrac- |
tion Yo 0.077

* From Rawling.?
t From Wadsworth.?*

precise 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 reason to believe the minimal circulation
to the liver would account for an equilibration rate ot
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dissolved ipert gases of at least 10¢% change min.
Probably the liver-gas exchange rate is closer to 30
change min. It iz doubtful swhether such slow equilibra-
tinn rates of dissolved N; as 0.5, change min or less

TABLE 7.—NitroGEN ELiviNaTion N Far

FracTION .
RewovED VoL
s Bruop Vou
—  Fat A,
CUNDITION Av. Mode Move
Man* rest 0.002 0 010
Man® exercise;  heavy 0.0047 0 023
steady state 0 0042 0 021
Cutt :anesthetized;
' contracting
hindlegs 0.003 0 0046 0023
Cuatt anesthetized;
. rest 0.010 0.007 0 033
CGoat tratty
0 0045 0.002 0 01

marrow {nesthetized
i

* From Jones.®? .
t From Whiteley and McElroy .9
{ From Campbell and Hill.'®

are acceptable. as would be indicuted by literal inter-
pretation of the data of Campbell and Hill."* Further-
more. this interpretation would necessitate that the cir-
culation rate tor nearly the whole liver would be
something in the order ot 3 nul, | of tissue ‘mun, which is
scarcely consistent with known values for the magnitude
of hepatic circulation.

Gas Exchange of Skeletal Muscle.—The minimal
blood supply to muscles, as calculated by rate of
N elimination or saturation or desaturation of 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 with a
general picture of the distribution of the blood such that
approximately '/4of the cardiac output is distributed. at
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 mass—
are. respectively. 25, 14 and 19 ml of blood 1 of tizsue/
min at rest, These values are in good agreement with
plethvsmographic and calorimetric determinations of
the hand’s blood perfusion (Forster et al.?!) and within
the order of magnitude of the plethysmographically
measured blood-perfusion rates given by Ferris and
Abramson.?* Similar but varving 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 and thigh receive, re-
spectively, 70. 19 and 26 ml of bloud:1 of tissue, 'min
(Table 5). These values are consistent with an analysis
by Whiteley and McElroy¥ in which the N content of
blood draining muscle was measured. If these data are
treated similarly, the time constants and amounts of
N, concerned correspond in an anesthetized cat to
muscle vascularity—between 20 and 33 ml of blood |
of tissue min on the aversge und. for modal muscle
circulation. between 11 and 12 ml of blood,1 of tissue’
min—values that are in general good agreement with
the circulation factors derived from gas-exchange
studies in man.

As in other tissues. measurements o huuscle are

I1b1 149
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indicative of 2 perfusion factors. This is apparent from
all measurements of gas exchange. This bimodulity is
attributed to the slight difference in puttern of capil-
tary circulation in the tissues concerned. so that there
are small areas in which unit vascularity is very great
because of effective overlap of open capiilaries. There
does not seem to be anyv quantitative rule. however
for the pattern of overlap of the capillaries: wreat vuri-
ation is observed. Sometimes the amount of such ti--
sues is as great as 107 of the total tizsue concerned.
and other times, less than a fraction of 1¢7 Junes®).
All measurements of guas exchange in nuscles show
an increase in gas exchange during exercize of the
muscle. The data of Whiteley and McElroy3¢ can Le
interpreted to show a 7-fold increase in muscle circula-
tion during exercise over rest in the anesthetized cat.
In man. from the rate of N: exchange during stewdy-
state bicyele exercise (Jones et al.®) it is apparent thut
most of the body musculature becomes vascularized to
the extent of 48 ml of blood 1 of tissue. min whereus
at rest most segments of muscle circulation may be as
slow as 3 ml of blood 1 of tissue min. Some of the
muscle muass.* such as leg muscles, which in this case
are doing most of the exercising. presunuibly may he
vascularized to the extent of 240 ml of bivod | of tissue
min. A few muscles or a few parts of these mu~cles muyv
be vaseularized as much as 900 mi, but it is difficult to
make the deduction that this refers specitically to
muscle or to certain muscles. In decompression sickness
the degree of protection from symptoms afforded by
N: elimination coincides with what we know about
muscle circulation and N removal rates from muscle,
There is 1 ill-explained discrepancy: ne specific set of
data show exercise combined with preoxygenative cle-
nitrogenation to be beneficial in reducing N; tension
and decompression intolerance. Particularly in the ab-
sence of such data we must assume that exercise does
not confer additional protection when used with denitro-
genative procedures, since combining exercise with dex
nitrogenization has been shown to reduce strikingly the
N: concentration in muscles so exercised (Whiteley and -
McElrov;* Jones et al.?). An alternutive reazoning must -
be used to knit the theory together: namely, that tke --
muscles themselves may not be the séat of deconipres-
sion sickness. but rather that decomipression sickness:
may be associated with tissues of about the same \a~-’_-
cularity and gas exchange as restingmuscles, as indeert—
are most of the carcass tissues at rest: These few tissues
would comprise only a small portios of the body and:
might well be such connective tissties as the muscle:
sheathes, the tissues bordering the faseiud” plenes. por~
tions of tendons. joints, muscle insertrons. efe, If thig
is true, exercise may have no effect on the efficiency of
preoxygenative denitrogenation; in fact. conversely.
there might be reason to guess that the circulation
through these connective tissues might just as likely be
less under the conditions of exercise than at rest.
Circulation to the carcass in man varies considerably
with age; in youths of 18, rates of N, removal from the
carcass of about 2.39;/min are observed, whereas in
* This tissue it defined not anatomically but from gas-exchange
rates. In this instance little parte of tissue in terms of unit vascu-
lanty are summated from all the different parts of the fissue con-

cerned into a single expression, which in different from sversge
vascularity of the tisue.

3
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men of 25 the rates are 1.1, ‘min. These values are in
good agreement with theit susceptibility to decom-
pression sickness and rates of protection against de-
compression sickness by preoxygenative denitrogena-
tion. In all cases the data are consistent well within the
experimental error. The 13-vear-olds have twice the
average carcass circulation and gas-exchange rate,
half the incidence of decompression sickness and twice
as much efliciency in preoxygenative dem’trogenation
as those over 23 (Jones*'%). The summated data in
Fig. 9 and Figs. 6-8 express the relationship of age.
carcass N, elimination and decompression tolerance.
The change in circulation with uge as indicated by these
gas-exchange interpretations apparently concerns blood
perfusion of the tissues of the resting carcass. Direct
Fick measurements of cardiac output (Cournand et
al.*) suggest an allowable inverse relationship of car
diac vutput with age. The magnitude of this effect is
such that the decrease in cardiac output between 18 and
25 is expected to be approximately 0.3 | of biood ‘min,
sq m of body surface. but this cannot be taken as con-
firming evidence. If this chunge 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 approximately 0.4 | of blood min/sq m. Measure-
nients of O, and CO. exchange in working muscles give
additional evidence that there is some change in blood-
tissue perfusion of muscles correlated with age (Berg!).
However, correlation of the amount of N, eliminated
during the lst 20 min of O, breathing with age in
vears has not been observed. although correlations of

= 0.68 were obtained with body weight (Stevens
et al.®), Nevertheless. this is reasonable if the decrease
in N, elimination with age is due to muscle circulation,
for in 20 min only & minor part of the muscie N would
be eliminated whereas practically all of the N: from

the viscera as well as possible lung N, is accoumeq =
for. Carbon-monoxide elimination has the same “quanti- <

tative relationship to age (Pace®). Possibly the same,
mechanisra is involved as in inert-gas exchangez ° =

Gas Exchange of Body Fat.~-Body fat has ap-
proximately the same blood-tissue perfusion rate
as resting muscle. In terms of actual amount of cellu-
lar protoplasm, fat is richly perfused since it is com-’
posed largely of oil droplets. However, from the:
standpoint of gas exchange, a blood-tissue perjuston
factor of 0.023 vol ot blood. vol of tissue 'mjn:ea-fih
drops to a N, removal rate of 0.5% change 'minAk = -
0.005/min) if one considers the fact that N, is a'tlmew
as soluble in fat {Campbell and Hill'®) as in blom{ and
other tissues (Lawrence et al.%), From compamtx_ve
gas-exchange meusurements of circulation in body st
it appears that there may be as little as 10 ml of bloodAl -
of tissue/min in which the gas-exchange rate is carre
spondingly 0.26%/min. = =

Gas e\change of fat is so slow that practically it B
separate from the other tissues of the body in consideraz
tion of any gas exchange except that of He. Sifule
taneously measured gases such as N; and Xe show fat
N. to be a distinetly superstow component (Jones et
a,l.’). Analysis of data of Whiteley and McElroy,?
from measurement of blood N, from an adipose vein,
shows bimodality of N, elimination rate from the tissue
concerned and thus indicates 2 degrees of fat-perfusion

L1b 1150

rate. Evidence of non-uniformity of open cupillaries in
fat pads was demonstrated by Gersh and Sall.¥ Aver-
age circulation for fat is some 307 higher thun for the
bulk of the fut noted in Table 7 as the mode value.
In the case of He gas exchange. the fact that solubility
of He in fat is approximately the same a< it~ zolubility
in blood and other tissues shauld make the zs-exchange
rate of fat as rapid as that of body muscle. since the

MINUTES

T 200 100 00
|

Xe, DESATURATION
(Calcuioted)

760 MM 25 C

i
! —Xs, COMPONENT [
rolf time 84"

N\ —~
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&
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o 1 A\
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o
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2
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Q noifNume 1.5° T\ hoif hme 29.5°
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Fig. 5.
cn'culatlen t‘o fat and muscle is approximately of the
_same order 8f magnitude in terms of the bluod-tissue
perfuaom factor. The He effect was predicted by
Behnke.” However, neither the He-elimination data of
Behnke a.nd Willmon® nor the He data of Jones et al.?
obtained by~ effecting N, elimination followed by He
saturation. afé extended enough to deterniine this fact
experimentally. Analysis of these data by N: and by
- He exchange indicates that the gases behave similarly
and have fdentical time constants in a consideration of
the nonfattyissues. This is to be expected, since the
dnuuire:ndt carried out for periods of time long enough
tq:eparate.ou;fac Na.
Infiom-pressgre decompression the protection rates
—'aequxed— b preoxygenation do not correspond to the
£ Npelimigation®rate from fat. It may be concluded
—frcm Phisthait %he N. in body fut is little concerned in
cmost of theZcages studied in high-altitude decompres-
Tsign. i_;n:ome Showever, in which denitrogenation for
10ng periods fails to protect against decompression
symptoms. it is possible that the dissolved gases which
give rise to decompression emboli are associated with
fatty tissue or very poorly perfused tissues. There may
be many small segments of tissue involved with slow
N:-elimination half-times of 3-8 hr and which would
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have blood-tissue perfusions of 0.0035-0.0014 vol of
blood. vol of tissue/min. Gas-exchange values of this
magnitude 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 gas-exchange
duta indicating normal blood-tissue perfusions of the
magnitude of 0.0014 vol of blood vol of tissue min for
non-fatty tizsues. but it is possible that such tissue
exists. Perhaps tendon, cartilage. ete.. represent even
poorer vascularization. However, some individuuls re-
quire 3—¢ hr of denitrogenation to experience only 307
reduction of decompression symptoms {(Bateman'®).
In these cases fat N> may indeed play an important role
in decompression sickness. Such behavior is not to be
expected in subjects of military age who, for the most
part. were studied by the various 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 G0
min for the group 25 years 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 shown in
Table 4 represent an estimated breskdown of car-
cass N, exchange. No values for skin-gas exchange are
directly available except for the hand and fingers,
which are probably not representative of the rest of the
body. Skin is assumed to have the same value as that
estimated for the carcass. Diffusion of N:and He across
the skin has been studied by Behnke and Willmon®
and Eggleton et al.%® Fortunately this effect does not
come into the radioactive-gas-exchange methods. on
which the critical concepts of this gas-exchange thesis
are based. However, in 3- and 4hr N.-elimination
studies I have made without an oxvgen suit there does
not seem to be a constant factor of N: elimination of the
order of magnitude noted for skin diffusion of He noted
by Behnke and Willmon or of Ny in the Eggleton data.
obtained with dogs. This lack of agreement may be due
to a different degree of vascularity of the skin as a re-
sult of environmental conditions.

Retation of Gas EXcHANGE XD CIRCTLATION

Although all students of exchange of dissolved sub-
stances have considered the partial importance of the
hlood perfusion in exchange equilibration, none has
pointed out that the exchange process for simple dif-
fusible substances is limited by the circulation alone.
Not only is this the situation with the dissolved inert
gases, but it applies to jodide and probably to sodium.
The thyroid can remove nearly all of the inorganic 10~
dide in the perfusing blood and the thyroid circulation
can be calculated (Jones et al.?). 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/min) X the iodide space (which
is in equilibrium with the blood). Further evidence that
blood-tissue exchange is limited by circulation is found
in data obtained by Sheldon.® He demonstrated that
the chloride ion transter from perfusion fluid through the
intestinal tissue to the washed lumen of an isolated.
perfused frog gut was proportional to the hydrostatic
perfusion pressure. He also showed that the velume of
fuid flow in the intestinal loop is proportional to the

FIbl15]

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

Differentiation and analysis of Behnke's” He curves
give results in agreement with my N:-He comparisons
:see Table 1). The Behnke data reanalyzed consist not
of 1 comronent rate but of 2. The st component is
difficult to approximate {rom the limited published
graph of the data. but the major portion of the ex-
change for N; and He, respectively, are tine constants
of 0.0083 and 0.0073; the slight difference is account-
able on the basis of incomplete resolutisn of the gas-
exchange rates and resulting inclusion of a greater fat-
gas exchange effect in the case of N: than in the case of
He.

Each inert gas, then, is exchanged at similar rates
in the body tissues except as noted in fat, where the
exchange rate differs from the blood-tissue perfusion
rate by a factor of the ratio blood solubility, tissue
solubility of the gas concerned. As noted by Haggard. @
a gas of very great water solubility would depart from
the general gas-exchange rule since lung clearance be-
comes a factor.

The similarity between the guas-exchange-time con-
stants and the time constants of mixing of substances
introduced intravascularly has been pointed out (Jones
et al.?). Also, the dilution cycles of intravaseularly 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 obtaioed by the gas-exchange method.
A literal interpretation oi this concept requires more
exact knowledge of the sodium spaces of blood and
tissues. A sodium curve calculated from Gelthorn's*?
data gives the following equation for dilution in blood
of radioactive Na following injection in dogs {Jones et
al.?)

Cp = 1087¢71.3% 4 AS0 =031 L B 11p-0.085 L G =0.0nTH 4
060 0-Meon (amt of Na unexcreted) (7)

where C; i caneentigtion of Na in the plasma at any
time=One of the most résefved Ny-exchange curves ob-
tained in man, where N, ig the amount of N; contained
in the body at any tite, s -
N, s 1Llem02 4 19385087 L 49800 4
= ST 93€50.9Y b 600000 (8}
The 1st 2 terms of equatién (8) include some lung No.
From gas-exchange studies using gases of different
solubilities and different oil/water solubility ratios.
one éan ‘predict 905 of bady fat to be concerned with
5th-domponent gas excharige in equation (8). The blood-
fat perfpsion tate of thivkubject would be 0.0024 X
5.24(f5}/*ater solybilfty-ratio) = 0.013 1 of blood/
! of fat/min. Equatio (§) was constructed from the

Wip Temt¥ 4 (2300e715%) +
P10e-0.1%) + 24-0.%

@ 1D0e—0.00M -+ 400e ~0.00%¢ (9)

-

S o>
theoretical equation for elimination
duripg inhalation of high concen-
uition (9) the parenthetical com-

2. From comparison of equations
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(8) and (9) it is apparent that 8557 of the N, of the 1st  be made more inclusive of the minute volume by in-
2 components of equation (8) (obmmed without lung tensifying the hyperventilation period to rinse the tung
hyperventilation) is due to lung gases. In equations ocut thoroughly. There is. however, a dennite limit
(8) and {9), item 428¢~%-%2¥ matches the theoretical item  imposed by the kidneys and thyroid (Table 4), for which
of modal muscle 500e —9-9%; items 93¢ ~0-%*and 100e ~*-2°*  tissues there is only 3 ml of N, which is half eliminated
are presumably representative of intestinal gaseous every 6 sec following O:inhalation.
N.; items 600e~9-99*% and 400e~%-%°*' are the compo-
nent of body fat. Addition of all the items of equation
(9) gives an amount of N, in excess of the expected Use of He in Decompression Sickness.—3uyers
amount in terms of body bulk and fat and the physical et al.*” suggested use of He-O, mixtures to mitigate the
solubility of Nzin each. In equation (8), approximately severity of caisson disease.{ The suggestion was based
250 ml of N, is from the lung gas spaces, and approxi- on the physicochemical properties of He, namely, that
mately 93 ml from the intestinal gases; skin transfer it exhibits much lower solubility in tissues than N, and
appears to be a negligible amount. Lung N, is difficult  that it should diffuse more rapidly into the body
to eliminate, and vigorous hyperventilation with O, tissues because of its greater diffusion rate. Use
is the only method of removing its influence on the N;-  of He-O, mixtures permits divers to work at greater
elimination curve see Table 3). It is suggestive that depths and to be decompressed more rapidiy (Behnke?).
“the data of Behnke et al.*® (see also Fig. 4) as analvzed Part of the effect of He seems to be elimination of N.
into 2 components account for the total bulk of the narcosis. The other beneficial results in the light of gas-
body, despite disregard of body-fat nitrogen, by coin- exchange measurements are not so easy to analyze since
cident inclusion of suime Iung N: with component I and  the gas-exchange rate of He in the body is not infiu-
inclusion of intestinal N: with component II. Thus enced by the great diffusion rate of He. Helium ex-
Behnke's “fat” component appears to be in the cor- change is the same as N. exchange except as regards
rect order of magnitude by the summation of muscle body fat. Possibly the fat effect accounts for relative
N,t and intestinal N, and the “‘water’ phase of the safety of rapid decompression rates of divers using He
body could appear reasonable by the inclusion of very although, on a theoretical basis, as in the case of the
small, but difficultly removed, amounts of lung air. brain and bone marrow discussed earlier, in exposure to
N. Elimination As Measure of Cardiac Qutput.— He the fatty tissue is saturated more rapidly than with
Short-term Ngrelimination measurements have been N This may make this tissue somewhat more prone to
concerned with the minute volume of circulation a critical state of supersaturation in certain conditiuns
(Marshall et al.44) and lung washing-out time and with  of compression exposures and decompression rates.
measurement of the st elimination of body N, (Mar- Representation of Intestinal-Gas N, in Gas-
shall et al;% Darling et al.;!%* Cournand, e al.,** Exchange Measurements.~—Intestinal gases include
Stevens et al.%). They establish the rapidity of the wash- a portion of exchangeable N. which is eliminatel
ing-out of N from the normal lung, the normal rapid through the lungs during O. inhalation. The O. con-
and almost complete clearance of the arterial blood centration in such gas pockets of the intestines should
and the general correlation of body size with the quan-  be rather constant and low because of the O- tensiun
tity of \2 eliminated in the lst few minutes. Precise  buffering of the blood and the rather high metabolism
use of N: to obtain the minute volume is disallowed in  of the intestinal cells and bacteria. The N, of the gut
my opinion. The best value that can be obtained is diffuses out progressively during O; inhalation and is not
cardiac output minus blood perfusing the heart, thy- exchanged for O; molecules. This leads to reduction of
roid and kidneys and portions of other tissues such as  total gas volume, and with sufficient Q. inhalation the
brain. liver, etc.—~an amount at times as great as 40% - incidenée snE severity of decompression abdominal
of the true cardiac output. Nevertheless Marshall has - pam-tnﬁ;be‘dec@sed (Henry et al.**). The benefit is a
obtained “reasonable” results from the Bornsteig! - function:nf theletgth of preoxygenation. From the data
technic, probably owing to incorporation of euou&h -of Henry et ok, ® simple calculation has been made
slow-mixing lung-air N; to make up for inability to starting from the aasumpuon that the degree of symp-
measure the very vascular tissues. Similar errors are toms of gas paim B proportional to the amount of ex-
possible with sll foreign-gas methods. pandable: intestlng] gas in decompression. The calcu-
Attempts at measuring cardiac output have for the “lation shows.a rgtgtof acquired protection of 0.008 frac-
most part been unsuccessful (Jones'$) when care hag tional ehangs, minor a gaseous N; elimination from the
been taken to eliminate lung N; as much as possible and. gut of 0.85;7min during O: breathing. This time con-
to begin measurements after 5 min of O, inhalationz ‘stant of e;(chaageg slower than that for muscle and
The method consists in extrapolating the resolved- shgﬁtl'; mor& rgpid than that for fat and indicates
components of the gas-exchange-rate curve and sum- ;hat m:es_tlnxl gas can be a source of consideruble
mating the rates at zero time for the indicated com-\, errar in fhe. ganem] use of this portion of the gas-
ponents. This method is quite reproduclble but it givest e\cﬁangemcﬁec’l‘ﬁls may account for many shifts in
‘‘cardiac output’ consistently in the raage of 2.5-Z ﬁ:agmtud&okttﬁ sfower components of the curve; for
4.0 1, which can be approximated by subtracting trom* the most parg, howaver, such shifts do not account for
the value of the cardiac output, as obtained by otherZ iﬁorg ag ip(EmP of Ni. By coincidence, the gas-
methods, the values known of the blood supply of the” sxrhange timécoRst@nt k is 0.008; this is almost identi-
thyroid, kidneys and heart. Possibly the method cant \zl with the %d?uﬂb constant described by Behnke’
=0 0083) = 2
3 See dao Behih—-l)ieompuunou Sicknesa.

APPLICATIONS OF GAs-EXCHANGE STUDIES

7 A rortion of {at N3 s still included in Behnke's 2d unrqulved =
component,

1o 1152
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Sirnilarity of Preoxygenation Protection Rates and
N; Elimination Rates.—Three experimental group:
are consilered in compurizon of tute of Nselimination
to rate of protection to decompression sickness by pre-
oxvgenation.§ Both the gus-exchange data and the
preoxygenation-decompression ata have been sub-
jectedd to the same type of semilogarithmic graphic
anulysis. The times of N: measurements were short
‘6000 mun). and thus it is improbable that greater
resolution of the N» curve could be effected than intn
tiie 2 approximate components. The 2d component
which will be the 1 considered in detail, is an upproxi-
mute measure of the average change of N, content of
the curce and its value in these subjects probubly
chiefly determined by the muscle mass of the budy,

[deully. ull gas-exchange measurements should have
been followed for several hours to permit accurate re-
construction of the component parts of the total elimi-
nation curve. By theory. these components represent
ified chiefly by the rate of blood flow, vol-
ume of t < and also by the dissolved-gas distribu-
tion ratio between blood and tissues iequations (1)
and (215, The last component resolved is subject to some
hias, depending on the magnitude of the components
ol slower rate of time change that are left unresolved.
The “components” themselves are an average oi tis-
<ues having approximately the same gas exchange.
Theoretically. it would be expected that there might
be a complete continuum of degrees of vascularization
in the body tissues. If the tissue volumes were evenly
listributed in this continuum, semilogarithmic analysis
of this data would have failed. and the data would
have been resolvable only as a series of tangents to a
continuously curving total semilogarithmic plot. How-
ever. the tissues actually cluster at several points on
the total scale of vascularization and these distribu-
tion centers correspond to the gas-exchange compo-
nents inote Tables 4-7).

1. The data reported by Stevens* have been re-
viewed by the methods used here for analyzing Y
elimination. The Nrelimination data ind. the pre:
oxygenation-decompression ialtitude.”83000 {61 dutd
of this group were reanalyzed semilogurithmicills;
Subjects breathed O. while resting fof various perods
beiore decompression. This gave an _apparent single
semilogarithmic component for the log of preoxys
genation-decompression data plotted aguxinst tiwe and
2 components for the N:-elimination data. Fig. 6 gives
the combined plot of this semilogarithmic data. The
percentage of descents due to decompression sickness of
the group are plotted un a fogarithmic scule dgajnss the
leugth of the preoxyvgenution perind. Thiz dusceptible
sroup has nearly 100¢¢ descents in the fimtiut flighl
without preoxygenation. Superimpo=gd ouTthe pes
centage of descents of various perind€’of preoxygenas
tion is the average semilogarithmic dur e of the:2¢
component of N eliminution, which is:ud}gst‘g‘dgo tha®
100¢; normal N. concentration cr,u'res@nd:s t8 the gon2
trol of zero preoxygenation for these-tisues. TisQies
that have more rapid N. elimination and FhiehFhoulg
be sufficiently cleared to keep the dissolfed gas ¢onz
centration in balance with the decompressior l€velhre

tissues cl

§ >ve also fiagge and Shaw—Avisuon Medicine.,

1161153

disregarded. Theoreticully, the visceral tissues should
be ton rapid in gas equilibration to contribute to decom-
pression effects. and. pructically. there seems to be no
suggestion of their having a limiting role in decompres-
sion sickness. It can be seen from Fig. 6 and comparison

HOURS  PREOXYGENATION

100 ] { 2 3 ‘ 3 6
POINTS AEPRESENT PERCENT SOACED DESCEMTS

.
B8O

IN 27 TASES AT 35000 WiTh vAROUS LEVELS
70 oF GEN [CAM Ruper? 132, Forra, o ] ——
LD ——\{—
50

Iy —

30
F1-) S \

PERCENT DESGENTS

® ~e@wd

PERCENT OFf SEA LEVEL N, N BOOY

[ RALF-TIME » 73 MINUTES + AVERAGE NALY- Tiag
OF NITROGEN EXCMETION 0ATA REPOATED @Y
[ STEVENS AMO FERNIS OW § OF TME ABOVE 27
casEs

: N
- . : \

3

~ Fra. 6.—Semilogarithmic curve of combined No-elimina-

tion dataand preoxygenation-decompression (altitude
35 000 v+ in 27 subjects (Stevens et als),

with Tables 4-7 that there is a rather exact coincidence
hetween the average rate of N, removal from the car-
casz und the rate a1 protection aguinst decompression
ieknes~ by Oz inhalation.

2. A Xl group consisted of 12 members of the stuff of
Cthe Aeromedical Unit. University of California, in 2
_F:ﬂighh with 2 N; meusurements (90 min) (Jones¥).
ghiects breathed (), while resting for various periods
“hefure decompression. The duta were treated as for the
219 group. The main slow component was obtained

@ analy=is of the Nrelimination data. Because of the
mullness of the group, decompression scores are given
sinzterms of percentage ot average score of the control
“rim. which was without preoxygenation, Cne, 2, 3 and
= Hr of preoxygenation were ohtained before the de-
- @hpressiun-exercise test (five 9-in. step-ups every 10
~=niBi at 35000 ft equivalent. In this group again there

senrkable agreement between the gas-exchange rate
KXhe 2d component tissues and the preoxygenation-
‘Jrratection rute for decompression sickness (F'ig. ).
&1 The duta from both foregoing groups (Figs. 6 and 7)
2ugin agreement with a bubble and gus-exchange theory
Zi@pplied to decompression physiology. The subjevt's
Anithese groups were, however, generally more suscep-
<titde to decompression sickness than the usually en-
Pogntered subjects aged 15-21, The altitude of both
“grgups was 35000 ft. Nitrogen-elimination rate and
Fatg of decrease in expected symptoms had a half-time

of 73 min for the Stevens group and of 68 min for the

California group.
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3. Analysis of preoxygenation protection in vounger
sroups at 38 006 ft is possible in 2 instances. Data on
| group. compiled by Gray*** at Randuiph Field, are
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for yvoung subjects with intervals of preoxyveenatinn
from 0 to 60 min before a standard resting flight to
35000 ft equivalent. Percentage of descents plotted
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Fig. 8.—Tests at 33000 ft using standard@s&:p-np

exercises, showing little increase in protection by -addi-:.

tional bour of preoxygenation (Gray ;5 Henry et al® ;o
= 9 %

on a logarithmie scale against time of preoige@ﬁgn:
(Fig. 8) gives a good indication that the protection:
half-time of these subjects under resting conditichs. '

> LR =

AR

867

at 35 000 (it is approximately 20 min. This is strikingly
Jifferent from the older groups previnusly discussed.
in which average prevxygenation protection hulf-time
wus approximately 70 min. Furthermore. there is still
a discrepancy, discussed later. in that the protection
half-time of 20 min is even {aster than the average of the
2d component of N elimination for this group. 33 min
half-time.

Age range of a 2d group, studied by the Aeromedical
Unit. University of California Henry et al.’?), was ap-
proximately the same as Gray's. This group was tested
at 35000 ft with a standard step-up exercise (ten
G-ip. step-ups every 5 min). The points of time are ap-
proximately 0. 12, 51 and 111 min of preoxygenation.
respectively, at rest before decompression. Data are
given in percentage of descent due to decompression
sickness and plotted on a logarithmic scale against time
of preoxygenation. This method of plotting is compara-
ble to the plotting of the Ngpelimination 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; ie., the
change of the log of percentage of descents against time
is not compatible at once with our ideas of N: elimina-
tion from the body. On the sume graph 'Fig. 8) are
shown the data obtained by Gray*-* for a group of
approximately the same age over the same period of
preoxygenation. The difference here is that Gray's
data were obtained on resting subjects. whereas the data
from the California group were obtained during the
standard step-up exercise at altitude. In the case of
percentage of descents under resting conditions, there
is a straight-line relationship of the log of the percentage
of descents plotted against preoxygenation time. This
would be compatible with a N.elimination half-time
of approximately 24 min and i# considerably faster
than that of the 2 groups reported previously. Still. as
will be shown later, this can be in vood accord with cur-
rent knowledge of N, elimination.

It appears in the data of tests at 38 000 ft equivalent
by the California group using the standard step-up
exercise that the curve is approaching some kind of
horizontal asymptotic limit; ie. after 1 hr of pre-
Sxyvigendtion there is little improvement in protection

- by an additional hour of preoxygenation. Thus a con-

dition is approached wherein, no matter how much pre-

. oXygepation is applied, there will be no additional pro-
.. tection bewond this limit. (However, if CO; is involved
- in this.exércise limit, it may be possible that it will be

effective only within certain levels of tissue-N, concen-

> tration.) I§ is assumed that a specific effect of exercise

was pregdiding symptoms in excess of those which would
havé arcd@rred even under sitting-resting conditions

. apd< frthermore, that this effect was not related to
I tm€ of preoxygenation. Accordingly. the data have
beer afraltzed to separate these 2 effects. If this limit

iz drawp (Fig. 8), the difference between the amount of

- symiptam¢due to the exercise effect, which is approxi-

niatelys22%, descents for any period of preoxygenation,
gzndctl'x:e gbserved percentage of descents should, ac-
cording; to’ the above assumption. give the percentage
of descmnts that would have been observed under these
conditiong-had this group rested at altitude instead of
?ﬁemmmg'z Plotting of these differences (shaded area,
= T X9

Q= - >
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Fig. 8) shows that the data predict those obtained by
Gray. Approximately the same incidence of symptoms
or descents as is observed in Gray's data is predicted
in the California data, and the protection half-times
are similar,

In every fractionation of these data the same guan-
tity of exercise limit is seen. It does not matter (Fig. 3)
whether percentage of symptoms or percentage of
descents is used; the results are similar. and the exercise
limit in relative magnitude to the whole data is ap-
proximately 49, in either instance. It has also been
poszible to obtain the same effect using time to onset of
symptoms as a criterion of measurement (Jones®).

A 3d analysis of data from this group is possible,
namely, incidence of chest symptoms. Fig. 8 gives data
for combined descents from both joint and chest pain.
However, the extremely low incidence of descent from
chest pain in this group effectively resolves these data
into joint symptoms alone. Bridge et al.** compiled the
incidence of chest symptoms of the same study, and
analysis of their tabulation of the incidence of chest
symptoms by plotting the log of the percentage of in-
cidence against the time of preoxygenation indicates
only a single component of 35 min half-time protec-
tion. From this analysis the definite statement can be
made that there is no exercise limit to the chest symp-
toms even though the exercise limit is apparent in 2
analyses of the joint symptoms in this same group of
subjects. It is logieal that the symptoms associated
with the exercise limit should have occurred as joint
pain. This would be in agreement with the hypothesis of
Lund and Lawrence® that decompression joint pain
is produced in the extrafascicular 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 concentra-
tion. <

The data of Clark et al.%* are again suggestive of thes
genera) relationship noted between age, circulatiéa and -
gas exchange, taken collectively, and protection rates of
preoxygenation. Decompression-protection rate. fol+
lows the expected Ni-elimination rate as shown in indi- .
vidual and group decompression scores (Fig. 9). Older
individuals are more likely to be slower in rate ot pro-
tection. Similar plotting of individual responie to. pre- -
oxygenation (Bateman'®) also compares protection
rate to possible N;-elimination rate (Fig. 9). In-the oider
subjects there is this progressive tendency to%ard slow
protection rates (Bateman;'* Jones;** Clark. et 4l.%). .
Slow rates are not seen in the younger population and’
are sometimes slow enough to correspond tp £ gas-J
exchange rate of body fat. This does not by aBy theans:
relate the phenomenon specifically to body fatty gissue

of the body. 5 0
Besides an exercise limit, there is evidence for3a sfill’
greater complexity of the factors increasing or dirtinigh<
ing the severity of decompression sickness. There is a
large diurnal shift in decompression tolerance. Morn-
ing runs tend to be more severe than the afternoon
runs even though the flights themselves are carefully
standardized (Henry et al.*¢). Coincident with this,

161155

It is equally possible that it represents a genefal lessen-f
ing of the degree of vascularity of some critical fssies.-

the metabolic rate in the morning is lower than in the
afternoon in these same test subjects and the gas-
exchange rate is slower in the morning than in the
afternaon. These vuriutions would account for a large
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F16. 9.—General relationship of age, circulation and gas-
exchange and protection rates of preoxygenation shown in
individual and group decompression scores. B, average
individual protection rate (Bateman's). Average Ne
elimination curves for age groups under 24—3B, Behnke;
8, Stevens and Ferris; J, Jones (1, fastest curve; 2, slowest
curve; 3. {astest curve and 4, average curve of {8-vr-old
group); S, percentage of symptoms retained, 17-vr-old
group (Clark et al.#); 6, percentage of symptoms retuined,
Z7-¥r-okl group; 7, percentage of symptoms retained,
3p-ys-oKl group; &, slowest individual protection rate
Broken liggs indicate loss of protection during 1 hr of
air breaihing.
differere-in the dissolved-gas concentration for the
same perigd of N. elimination and decompression ex-
posuredepending on the time of day in the same group
of subjec®. Stevens et al.?* showed the diurnal shift in
metabliseh as evidenced by O, consumption but re-
ported na:such shift in gas exchange from morning to
afternobnips was noted by Henry et al.® This discrep-
ancy is.pt%zling.
= Gray" reported a linear progression of symptoms in
groups-tested from 28 000 to 38 000 ft under either
resting or #xercise conditions. Although his data are rea-
@nabl; sfimilar data compiled by Cook et al.** disagree
with Grags fmc_imgs. In Fig, 10, these data have been
Qnal_)'zéd for uniform dgcompression flights by plotting
;:r@s&xe‘a‘c pressure (in mm Hg) of the test altitude
againskparcentage of descents. The data are separately
giw.de&_ igo a.M. and p.u. groups. The morning and
Eftgn@ngdlfferencm are striking, and the greatest
time-of-day difference both refatively and absolutely is
present at 38 000 .ft. In the morning, when the meta-
bolic tissue perfusion by blood and gas-exchange rates
are lowest, data are closest to a linear progression of
descents with barometric pressure reduction (Jones;*
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Henry et 0l.%%). In the afternoon. when metabolic and
gas-exchange rates are greater. data for descents are so
curvilinear that there is practically no gain in the num-
ber of descents at 33000 ft. These 2 separate groups
appear to give no support to the bubble theory of the
origin of decompression sickness

JOINT AND CHEST SYMPTOMS
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Frg. 10.—Decompression symptoms analvzed by plot~
ting atmospheric pressure (mm Hg) of test altitude against
percentage of descents, showing differences in morning
and afternoon.

If the experimental conditions were only different by
the indicated barometrie pressures, there should have
been a linear progression, as Gray's data had formerly
indicated. The differences between morning and after-
noon flight descents do give a linear plot of barometric
pressure against descents. This may indicate that what-
ever effect has caused the general decrease in expected
descents with increasing altitude has been a change in
concentration of dissolved gases in the body, or, at
least. the difference is in accord with the gas laws.

A tentative theory may be advanced: that approach-
ing altitude as high as 38 000 ft, O, tension is becoming-
so low that some anoxia is probably present. even O
breathing of pure O,. If & mild stimulus to anoxia is-
present at 38 000 ft or below, it is likely that circula--
tion might be increased in certain critical areas of the
body. This would necessarily increase N; transfer from
these same areas, so decompression sxclmess would be
lessened. The Ia.ct that there are proportionally many
more decompression symptoms and descents in the
morning at 38 000 than at 35000 ft, whereas in the
afternoon the incidences are the same, seems to be
the main support of the argument. If anoxia is the qausa-
tive agent, its effect is likely to be greatest when the
metabolic rate is the greatest. This is the obsecved case.:

The stxmulatmg effect of mild anoxia on the catdiace
output is known (Grollman®). McMichael andBnyder’ -
demonstrated increases in arm circulation as great as.-
100S¢ on breathing of air at 16 000~18 000 ft ecguvnlént
and proportional reduction on breathing of ‘pute 9o
Whiteborn and Edelmann® stated that there s dyeqa:
decrease in resting cardiac output at sea lepl “when
pure O, is inhaled. In a small group with a@robasv&‘

significant effect (¥ = 22, C.R. = 2.6), Smith® re-
ported that symptoms were decreased at 35000 ft if
the subjects were mildly anoxic owing to restricted O:

1b11i35b

anppl) during the test flight (incidence 27<% with nuld
anoxia, 43S, with full O.). Measured arterial satura-
tion for these subjects averaged 85C5. The explana-
tion of this effect is either that the anoxie stimulus to
circulation increases N; exchange or that the severity of
svmptoms is lessened by cerebral depression, or both.

To study this hypothesis, several subjects were se-
lected whose Ny-elimination curve could be followed for
2-3 hr on a fairly exact 2-component curve. Thus. the
main body component of N elimination offers a straight
reference line on the semilog plot from which changes in
gas exchange may be referred during a period of 1-2
hr. A typical data sheet is shown in Fig. 11. The solid
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F16. 11.—Changes in X} elimination at altitude.

ots, N: excretion at sea level; circles, N; excretion at
30000 ft. Rate and rate of cbange of N eliminarion
increased when altitude increased to 38 000 ft.

dots are measurements made at sea level the day pre-
ceding. Open dots represent measurements made at
30 00CEft and agree well with the sea-level measure-
ments- However, on decompression to the equivalent
of 35 000ft the rate of N, elimination and the rate of
change: of the rate increase. Thus. when the subject
drops tack to 13000 ft after 40 min at 38 000 ft. the
rate of N elimination at 18 000 ft is almost 350,
slower:¢hag it would have been with the same elapse of
time of démitrogenation had the 40-min flight at 33 000
ft not heek included. It is inferred that the concentra-
tion of digsolved N, associated with this tissue was re-
duced-thezamount of the difference by the 38 000-ft
simulated-flight. Of 8 subjects tested for changes in
N: ehmmﬁllon at altitude, all showed 25-100%, increase
ib eateof-thange of Nrelimination rate at 38000 ft.

No chibge was seen at 30 000 or 33 730 ft. Of 4 subjects
meagufed 3t 35000 {t before measurement at 33 0600
iﬂ, Lshﬁ“ed what may have been a 107 increase, which
wnot regsrded assignificant.

-’ Appsrestly the change of N elimination at altitude
qecdrs ratBer abruptly near 38 000 ft, which would sub-
stantiafe the hypothesis that it is ‘associated with a
fimdulis of decreased O tension or mild anoxia. There
seems to be no evidence that this effect might be asso-
ciated with a change in pressure per se, since no change
in Nrelimination rate is observed up to 35000 ft; this
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is in agreement with the observation that there is no de-
tectable change in Ny-excretion rate up to 30000 ft
(Shaw et al.*%). A decrease in rate at altitudes in indi-
viduals having decompression sickness has been pre-
dicted from the fact that some of the body's dissolved
gases become transformed into gaseous pockets that
are more difficult to eliminate than dissolved gases,
From estimution of collectious of gas pockets in roent-
genograms of body appendages at altitude, it is prob-
able that less than 17 of body N is so trapped under
the conditions of decompression sickness ordinarily
<een at altitude. It would be extremely difficult to show
such a minor effect by the N,-elimination method.

All measurements of N, elimination in direct com-
parison to decompression testing have been made with
resting subjects. It might be expected that if mild
anoxic effects could be detected at rest at 38 000 ft,
the effect would be greater under the conditions of
exercise used in most altitude decompression tests.

It appears that the longer a group preoxvgenates the
longer it can stay at altitude before onset of symptoms
in the subjects in whom symptoms are destined to up-
pear (Jones ;3 Henry et al.**). An increase of about 13
min in average time for onset of symptoms is noted
with 1 hr of preoxvgenation. Thus, with 1 hr of pre-
oxvgenation. the true Ny-elimination time might really
be equivalent to nearly 75 min of preoxygenation
instead of 60. Furthermore, the additional gain in N.-
elimination time is spent at 38 000-it altitude, where we
expect the N-eliminstion rate to be increased. In con-
sideration of these 2 effects it is apparent that the time
scale of preoxygenation used in Fig. 8 cannot be strictly
equivalent to the real time scale of denitrogenation.

However, some data of Gray® indicate that Oy-inhala-
tion time spent at “prebends’ altitudes (20000
23 000 ft) does not strictly add to the general preoxy-
genation time. (Ettrapolat:on af descent. curves of Fig.
10 shows that 28 000 ft is about & critical Blt&ude be-
low which descents due to- agroembolism: showtd be
exceedingly rare. ) In the reglorof 20 00¢-38 000 I3 this
time is only 3/1/; as effective as sea-level preoxvgem-
tion.This suggests that the physieal events respoagible
for decompression sickness oceur at.about this baro-
metric pressure, although they are not fnanifest nntil
there is further decompression. is commenl¥ re-
ferred to as the “‘silent stage'Cof decompression sfckpess.
Extrapolating to 35000 and 38 000 ft, we woild ex-
pect that additional time at these altitudes spemt with-
out symptoms might be even leas additive to ﬁje otal
of sea-level preoxygenation, Thus instead of & & axi-
mal time distortion of 15 min/kt of preoxy: genatiod bv
delay of onset of symptoms: f:he time-distorfiot
35000 ft is probably no mordgthan 10 mm/ht, v\heu:the
gas-exchange rate is that of the young grgu;t ufider
discussion. Then at 38 000 & withi the spepific addi-
tional effect of increased (doﬁblul)»\ z:ehmxmtlg_n ?ate
from the slow tissues, the tirie distnrtxpn"!mghtbe:ex-
pected to be about 20 nun/lut(}:hfls thah equf-
to 80 min of sea-level preoxygenation): bmcccobtenved
N, elimination at sea level for such & group is about 33
min haif-time and preoxygenation protection half-time
for a 38 000-ft flight is 24 min, the estimate of 8 min
shrinkage of the half-time of decompression sickness
protection by preoxygenation is reasonable.

bl157

Prediction ot individual susceptibility to decompres-
sion sickness or individual protection time of preoxy-
genation has been rather discouraging. Correlation of
Na-elimination rate and decompression sickness has
been observed repeatedly. but the values have not
heen high (Steveus et al..***! Henry ot 2f.%%), Some at-
tenipts have been made to increa<e the :ccuracy of this
prediction by measuring the No-elimination rate for
1 hr hefore flight. Protection levels of tizsue N, have
been roughly estimated to he 10C¢ of the equilibration
level as calculated fromi the tinie neces<ary to acquire
protection and the rate of the individual's main “cur-
cass" X elimination /Jones®), The method is not very
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 ol.** and Bateman'® are better guides
to the characteristics of the “critical tissue™ in indi-
viduals; direct comparison with N, elimination has
sufficient accuracy only with group measurements,

The discrepancy of individual protection rates is per-
haps comprehensible: there may be individual vuria-
tions in actual formation of bubbles: body fat may acea-
sionally play a role in decompression sickness. and it
is not taken into full account in the theorized protection
level of N3; last, the curves of N.elimination presented
here are a sort of average for a certain group of tissues,
Many tissues, as classified by gas exchange and vascu-
larity, must exist that have a faster or a slower gas-
exchange rate than the component of gas exchange that
represents the bulk of such tissues; when such tissues
exist in small amounts, they are masked by the rela-
tive mass of differently vascularized 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 will lie within his “average” gas-
exchange component. However, it may not. In fact. the
limiting or critical tissue might in any instance differ
radically from the average or the modal value. In group
data these deviations tend to cancel themselves, and
the large group should and does give reasonable agree-
ment with comparison of decompression phenomena to
gas-exchange predictions, despite the fact that pre-
diction of individual protection is fraught with great
variation.

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

Fig. 9 is used as a basis for selecting required preoxy-
genation times. Loss of protection by 1 hr of air-breath-~
ing is also shown.. The N, scale refers to the total
—_Tmu experimental proof that resaturation of the tissues with
air N1 occurs in the reverse process of Ny elimination (Jonest),
The similarity of saturation and desaturation is not apparent until
the gas-exchange measurement is separated into its component parts,
Whea analyted by rate, the time constants of saturation and desatu-
ration are readily shown to be ideanical, but in the usual experiment.
if the desaturation curve starty from saiurated tissue, the saturation
curve beging with partially saturated tissues. and the converse 1s also
true. [t is necessary to make a very accurate resolution of such
comparative measurements 10 avaid the error of :ncompletely re-

solved data that have different magnitudes of exchange oceurring at
the same rate.
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amount of N, associated with component II tissues.
The construction is similar to the other schemes pre-
sented with preoxvgenation-decompression data here
in which the protection or protection rate was always
proportional to the observed or predicted tissue-N,
concentration. Thus with any percentage of N, removal
from the tissues there would be expected a proportional
reduction in svmptoms of decompression sickness from
what would have been observed had there heen no
preoxvgenation. Percentage of body N. retained and
percentage of symptoms retained are synonymous.
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