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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.—WaoLe-Bopy ExcaanGe oF INERT Gases
MeEasTRED FOR 2 INERT GASES DURING Samr EXPERI-
MENTAL TinE®

I N ke kv ks &y
N: 1069 ... |0.022
Kr 069} ... (0022
N. [0.49) ... |0.028
He '0.49] ... |0.028
N: {0.45]0.085 | 0.020 !
Kr } 0.40 } 0.000 | 0.019 ?
hYS 0.53 { 0.087 | 0.020 | 0.0078?
.He 0.50  0.004 | 0.022 | 0.00--7
N2t | 0.46 | 0.087 | 0.024 | 0.004 ?
et | 0.35{0.087 | 0.024 | 0.0038 | 0.0008
* Results are given in terms of time constants of the
equation: R = R'e—ktt Rig—Mi 4 R'Ve=hi 4 .., .

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 extent
are the values 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 and Morales!). The con-
verse effect was established (Jones ef 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 N; and He and of N; and Kr
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were done sucocessively. The subject wast emt,gxga:f;
ated by O, inhalation for several hours, h&gege-;
breathed a He or a Kr atmosphere; this Jollpwedy

by » 2d period of O, inhalation during whish @a@keo
of the noble gas could be measured. The mom ; m
experiment was that with radicactive Xe,,Ifthis & g_n-
stance the subject equilibrated with a knowh agiogntS
of radioactive Xe contained in air before @m@g‘o @
inhalation. Thus both gas-exchange rates wite éeﬂumd
exactly simultaneously. The results showed 3n dgllento
matchmg of time constants obtained by

mic analysis of the curves. Results extrao':ecﬂn‘ahgg
compsmtx\e studies show that the time >
tained in the same circumstances and thﬁs@evtuﬁeua
period are nearly identical. The amoun OO? {Beao@e‘-
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 DirrusioN of GaseEs ot RoOOM
TEMPERATURE THROUGH A HYDRATED GEraTIN MEM-

BRANE®
Tzur. or K
Gas | MEASURE- | (ARBITRARY | REL. Dirrusion RaTEs
MENT Unrrs)
N: 4.1 146.0 Ny = 1.00 0.36
He 23.8 142.8 2.57 (He = 1.0
H, 242 126.0 3.2 1.15
A 23.1 147.5 0.84 0.30
COy 23.0 146.0 0.75 0.27
Er 23.2 147.0 0.58 0.21
Xe (not m'ea.sured) (0.36) (0.13)

* The membrane was 19, gelatin stretched on Nylon
stocking, dried and rehydrated. One side contained a
circulating saturated solution of the 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 gas exchanged X +/molecular weight
solubility in water

If diffusion or a permeability factor limited gas ex-
change, it would be expected that the resulte 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 1o 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

4= AR and R = Re-d [¢)]

the amount of blood flowing through that tissue =
Ro/aB, where aB = solubility of gas in the blood.
Total volume of the gas 4 in the tissue at zero time by
integration = Ro/K, and volume of the tissue = R/

RESPIRATORY SYSTEM

gas-exchange rates can bemeasured continuously, as with
the radioactive-gas-exchange method. Experimental
accumulative data are most readily differentiated 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 at
a tangential point while the other reads the slope {rom
0to 1,0 to 10 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-
ponents 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 & form of the original theory.
The rate is usually given as rate/min

R = Rie=bt + Rye=kst  Ry''e~bt 4, .

(4)
ak, where a; = solubility of the gas in the tissue. The The integral relationship of A and Ris
blcod perfusion rate then becomes . v
YRS . PRYTIE - AP 0
R‘/Ga.k_d_l_ (2) kl. k’. :
Rejack B

In non-fatty tissues a; = aB, and blood-perfusion
vol/vol of tissue/min = k,
GeENERAL METHOD oFf Gas-Excmanoe 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

A’, etc., represents an amount of N, associated with a
given tissue defined in terms of vascularity. A’ par-
ticularly is not the N, from the blood as theorized by
Smith and Morales! in & similar expression of gas ex-
change, but represents the most highly perfused tissues
that can be detected by the methodsmsed,. et 13-
sues concerning A’ include the Sonfaifd blgod Gn o
the basis of gas solubility in body:tistues fgr hecnop

fatty tissues, A’, A”, ete., reprget@ @ gnﬁum af 3

GENERAL ACCUMULATIVE tissues. Similarly, R’, R’, etc., @ﬁmmg K3

GAS EXGHANGE CURVE blood perfusing the tissue per sta 8 interval, 2

In equation (5), A’ = Ry'/k,, thetife Soristarit #, is .2

the blood-tissue perfusion factor ginee B & Ro'P4L 5

Ky R’ X solubility factor = vol of bl znﬁl 2oug

- Ly bility factor = vol of tissue + ita hlodd goof; = = -, &

« Thus when the distribution ratio of the & eﬁkﬁg&&_‘bi o

gas ia unity in the blood and tissuek, tii# &y@m =

£ has both the mesning of fractionalgis Tehigngd /@i &

and vol of blood/vol of ﬁsuﬁ.& U Slglatedd 5

25 the reciprocal of the time requireCtogfficty fhafiges T

. , \ in rate of amount to 1/e. Convenief®ydit B pegu@dg k]

o o r - » from the time to the half-value (ha.lf-ﬁm@ 9 :‘§, € -é 3

MINUTES b 1022 ES5Ec880
Fio. 1. m:gz.gg-‘;g
R A
given time ¢, Examples of this treatment sre calcula- Fig. 2 shows achematically the meth@ é P@M% K]
tions from compressed sir uptake, radicactive gas exchange ratesas the log of the rate ofpxEhan i b §

measurements, foreign gas uptake. The genersl gas- time. Desaturation curves of tissuesds &e &

exchange equation of the amount of exchangeable gas
is

Acm Ay (1 = e~M) + A’ (1 — e~d#) + 4,1 =
PTAT S B A AT e EAT - )
In the differential form the gas-exchange-rate equation

radioactive gases have a form similar to equation (4)
since these data represent the unexchanged portion of
tissue-dissolved gases A,

A =AY e~M + Afe—k 4+ AR 4+, ... (6)

BELE

becomes only slightly changed, and this form (equa-
tion (4)) of the equation is conveniently obtained when

oy

[N

!

Such dsta 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



DOCUMENT SOURCE

University of California at Berkeley

The Bancroft Library/The University Archives, Berkeley CA

AECORDS SERIES TITLE

Hardin B _Jones Comonittees o o a Popers

BANCROFT/UARC 1D NO.

49 /1) 3¢

CARTON NO.

COPY

FOLDER NAME

RP SO i!)(q

NOTES |

=

p3//3

ﬁssfw ;\_NJ"}\m OQQ/V\ Eliminah:

FOUND BY/DATE FOUND

Sousen Stoedh

1L Z15 /99

RESPIRATORY SYSTEM 857

semilogarithmic plot of either R, or 4, va t, may then
be subtracted into component parts corresponding to the
portions Ro'e—*%, ete. The method depends on the ob-
taining of & 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

Model Ge3 Exchenge of Vissers

Mode! Sos Lychange of Mussie,
Cansecting Tisswe, Shin, #e.

X

Alog Ry

30 0 ”0 120
MINUTES

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

component, the last component is naturally 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 gae-exchange measurements have seldom been
good enough to make exact resolutions of this type.
The accumulative Ny-elimination curves of Behnke’s
were fitted by him with a 2-component exponential
equation:
Av = 364 (1 — e~0MU) L 500 (1 — gms.o0w)

Because of the difficulty of separating out & 3d com-
ponent (body tat) in whole-body Ny elimination, his

BEHNKE'S MEASUREMENT
CONSIDERED AS A SEMI-
LOGARTHMIC RATE CURVE
“ieter” (Compere with Figure 2}

'3
ot
g
Model Fet
Modsl Musole
Mode! Viscorw
. i [ S
30 ) [ 120
MINUTES
Fia. 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 compounent 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 little affected; the difficulty
as regards the 2d and last component is that the tissues

1159123

are unresoived 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 perfusion
factor,

The method of Stevens et al.? is applicable to the 1st
20 min of the gas-exchange curve. It comprises plotting
log of rate against log of time. The straight line on the
log X log plot appears to be due to coexistence of the
main effects of 2 exponential components of the gas-
exchange curve; beyond 20 min a plot of this type is not
a straight line (Fig, 4). Although this method is exceed-

STEVENS' METHOD

Log R,

el

J ' A L

) 2 3 4 v % 2
MINUTES

Fi¢. 4.—Stevens’ gas-exchange-rate curve plotted as log

of rate against log of time.

ingly simple and has justifiable accuracy, it does not
Jertd fself fo thegmore general interpretations of the
efptings and vascularity of tissues.

2LF e pN
& o NUrEOGEN FxcHANGE OF THE BopY

gb&!y’fﬁé‘u ol sea level contain approximately
. vol STP).bixdifsolved Ny/vol of non-fatty tissue
308 agproxunatel{’ 05 vol/vol of fatty tissue (Born-
Qtefn 4 Campbell “amd Hill;* Grollman;* Behnke?).
(Aftar s chasgerincbarhmetric pressure, the amount of
ﬂis@lv;dmalﬁnmsnd changes in barometric pres-
urg, age lollgwed By e-equilibration of the dissolved
x ,g) oty plopprtional to the Ny partial pressure of
thecgas muxture;ighaled. Associated with exposure to
o r&?‘:i 8{3 & net movement of N, into the tiaé
Bied Ad h DeRmpression there is a net outwar
g:gfé? (‘;ﬁm@hﬁzﬂ was discussed earlier), Effec-
gogwknm@iiolved tissue N, can be brought

by e,

1§nd3s psel

cEnen€d1 air by other gas-O, mixtures.
o w - e
S

siteg

af Library,

plade Ny in diving; its presence in the

R during diving and decompres-
sfongthgn Ng off the basis of solubility. Inhala-
gon®f gk canchtmtBns of 0, also induces Ny elimina-
tion; such procedure for removal of dissolved body N
to protect against low-pressure decompression is known
as preozygenation. The réle of N; in decompression
sickness and the oxygenation principle of Nj 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 & 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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858 RESPIRATORY SYSTEM

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 309 removal of excess
nitrogen/min. Gas-exchange rate closely approximates
blood-tissue perfusion rate. The exception is fat. Body
fat has about the same vascularity as resting muscle,
but the relatively high solubility of inert gases in fat,
as compared with blood. causes the gas-exchange rate
for Ny to be slower by a factor of 5 than the blood-tissue
perfusion rate.

If current values for the blood-perfusion rates of the
body organs are accepted. it is apparent that aimost
3/4 of the cardiac output is distributed as follows (see
also Table 4):

Thyroid.............. 7% (Means?)*
Kidney.... . 2 0% (Smitb™)
Heart. . .17 269 (Bazett!!)
Small glands. .. ..... .. 1.8% (estimated)
rain. ... 13 0‘; (Kety and Schmidt'?®)
Bone marrow. R 3‘; (Jones!?)
Hepatic portal ......... 26 0‘; (Bradle) ;¢ Jonesi?)

7419,

* 5. 3% extrapolated to man from studies in the rat; ac-
cording to Jones et al.?

This leaves about 1/, of the cardiac output to supply
the remainder of the body. The vascularity of the car-
cass, ie., the living body excluding viscera, should
average a.bout 25 ml of blood/] 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 Njcontained
in the kidneys and thyrmd Since the rate of exchange
of dissolved inert gas in these organs is about 5005/
!mn, 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;Q method (which
is the same gwexchange mecbamsm) is difficult be-
cause lung mixing is occurring simultaneously with
cerebral N,O uptake (Kety and Schmidt'®).

Nitrogen Elimination from Lung-Gas Mixing.—
Inhalation of Oy washes out N, from the lung’s air.
The rate of this exponential mixing of gas volumes is
described by Darling et al.,'* Bateman'® and Jones.!* In
quiet normal breathing, equilibration of the lung gases
with & newly inhaled gas oomposmon does not approach
completeness for 5~10 min. Table 3 gives averages of &
small sample of data (Jones'?). The usual normal sub-
ject has 2major rates of ventilation of the Iung-gas field.
However, other subjects not included in this group
have only 1 discernible mixing rate, 0.45 min half-time
(column I, Table 3). Since this roughly coincides with

IRV

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, perhaps

TABLE 3.—Mixing RaTES oF PrLymovary Gas VoLvue
DURING NoBMAL QUIET BREATHING®
RaPID RaTE Srow RaTE
Vol of respiratory
g8 2.3 =0.81 0.71 = 0.091
Vetime of equil-

ibration 0.45=0.13min 1.6 = 0.4min
Time constant, k,
of equilibration 1.55 *=0.49/min 0.44 = 0.10/min

* Subjects were 7 males, weight 170 = 20 Ib, height
70 = 1.8in.

these subjects with a single rapid mixing have the true
normal pattern of lung ventilation. In all subjects with
histories of asthma there is great accentuation of the
slow rate. With pulmonary emphysema the slow com-
ponent is even slower and may approach 34 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 additional 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 Ny 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 N,.

Gas Excbange 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 076 | of
blood through the brain/min (Kety®) In@evelgprierg
of the N+O method for cerebral citrulptignTKety Fnd o
Schmidt!? assumed that cerebral ci !mgp & tp same £

&

throughout the brain. The gsvgc 'thgprf 4
cerebral blood flow and gas excha.ngec ls'q 'b&ne BY
the following evidence. (1) Dxﬁeregt dfpaftiyve r’:‘

Kr, radioactive Xe (Jones') agd ‘(Ké;y“a
Schxmdt“), give similar values for u:erebral ‘gadi dl T =
change. (2) The total amount of §,Q:absorbed b§= @eo
brain on the basis of solubility r}gmen&s nssu vd_
ume equivalent to the brain. (3) gﬁpert
exchange 1o the brain were extremelyglow (s Qggested“
by the Campbell-Hill"* data), lt.-'k §-b¢xm
ta account for the tissue mass o:' pgs
maining rapid portion of the ga&”egc ngé -&n&mh:
gas exchange as is observed would hdicale Mmuch %ogd
large a blood-tissue perfusion Igstes; Seagbrigble calR:
brations of gas exchange have, hﬁwg;eg Eegolﬁage?g
by Kety and Schmidt!? with diragt fidwimessiBeiedts s
The magnitude of cerebral &n&htlex ﬂou g,{}
measurements is 0.76 1/min (ﬁ
tissue perfusion of 0.54 vol of /\'b\ 8 ﬁbsﬁ‘e/;n@
Another method, that of injecting Evans blue into the
carotid artery nnd 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 |/min or
0.44 vol of blood/vol of tissue/min. Since both groups
of investigators obtain precise calibration of their
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method with direct flow measurements, 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 sorne pre-
liminary studies with N,, radicactive Kr and radioac-
tive Xe, it is likely that the circulation to the brain must
be considered to include at least 2 differently vascular-
ized tissues (Jones et al.?). This vascularity corresponds
to blood-tissue perfusion rates of approximately 1.4
and 0.35 vol of blood/vol of tissue/min (Jones¥?3),
Application of the simplified situation of a single per-
fusion intensity for the brain leads to an impossible
concept, that of a gas-exchange time constant changing
with time (Kety and Schmidt!?). The simplified con-
dition of a single gas-exchange process is roughly suffi-
cient under special procedures to give total or average
cerebral circulation. However, consideration of X,
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 Ny solubility in brain, measured by Campbell 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-Nj saturation levels
are not consistent with the increased N, tension. Also.
the concept of a slowly saturating brain is dependent
on a single animal in their data. If this snimal 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 date 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, 35% equili-
hration/min. Also, since there are no lipids in the
brain that concentrate dissolved gases (Campbell and

859

sea. vertigo and headache—which occur after recom-
pression are not due to emboli formed primarily 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 they 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
tissue 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 is de-
termined by tissue vascularity. Behnke?* suggested com-
pression treatment of patients with such cerebral symp-
toms.

The brain, then, is relatively protected from super-
saturation of dissolved gases on exposure to high-
altitude decompression. On the other band, 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. Le., the brain
is vasculsr enough so that during 10 min of any ex-
posure to compressed air it i8 909 equilibrated with the
Ni tension. Other body tissues which have slow gas
exchange, such a3 muscle or fat, may be less than 5-109,
saturated. Rapid decompression from such a situation
would 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
otgans are probably too vasculer (Table 4) to per-
mit any great supersaturation of dissolved gases for
more than & {ew seconds. Presumably, ti,gyglgn -
directly concerned with decompresicg dckhegs.
rapidity of kidney-gas exchange is appagent i) ni@agire
ments of urinary gaseous N duringscéjogresed-aif
inhalation (Hill and Greenwood®). The £t Sagiple
urine taken 8 min aiter the start of deniffogenation i
essentially equilibrated. Probably ﬂﬁr@iéﬁ !
taken place much sooner than 8 min fealgulated
equilibration 20 sec after compreasion).:&’, 539

Gas Exchange of the Heart.—Blopd iflay -
heart has been variously estimated t¢herdm 25t
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200 ml,/min (Bazett!). This means a biood-tigsue per<:
Hill;** Kety'), the indicated cerebral circulation fusion Iactor of at least 0.5 vol of bloog/ @l of quip/a
would necessitate that the whole brain be equilibrated min and a gas-exchange equilibration Tate of atiledst. © 4
to a changing inert-gas concentration in the lungs to 305 equilibration/min. The heart, th ipasiniingpes 5 T
within 10% of the change in inert-gas concentration as the brain to supersaturation condittora. gec 2 3
£-7 min after the change in lung tension of the gas has  of the heart to the hypothetical bubble SRowerd; ey = %
been effected. lungs on recompression is not as likely ipsdh fheg € O
It should be expected that symptoms of aeroembo-  brain because the buoyant bubbles may=tesi fo efeape® = 3
lism of the brain should be seen only soon after decom-  the apenings of the coronary vessels, wl?ee thepmBy s 2 >
pression. Cerebral symptoms are, in fact, observed in eusily pass up the carotid arteries. 3 5 & 3 ze =
low-pressure decompression (Engle et al.;** Lawrence Gas Exchange of the Small Glan -'Gl'ge'éri{ers 3¢
and Lund;" Goggio and Houck;?* Whitten®?). They nals, pancreas, testes and prostate Have not D

are associated with early severe symptoms, particularly
“‘chokes.” In some cases the cerebral symptoms oceur,
not during decompression, but after recompression
and again only after severe chokes and bends. It is sug-
gestive that the cerebral symptoms—scotomas, nau-

1154123

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 inldecompression sick-
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ness since their rate of clearance of dissolved N, would
be at the rate of 1009 equilibration/min.

The rapid disappearance of N; dissolved in saliva was
messured during O» inhalation by Scholander.®* If one
uses these data as a basis for caleulation and assumes
the rate of N, disappearance from the saliva to be the
same as that of salivary tissue, the salivary gland should
be cleared of N, at the rate of 309 /min. The blood-
tissue perfusion factor of the gland ought, therefore,
to be 0.5 vol of blood/vol of tissue ‘min.

Gas Exchange of Bone Marrow.—~Bone marrow is
suggestively a site of decompression sickness. How-

RESPIRATORY SYSTEM

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 vascular or greatly
less vascular when decompression is rapid even though
compression exposure is brief. Red marrow, like brain,
can saturate rapidly. Ten-min exposure to any com-
pression should result in 73-80%, equilibration in the
red marrow, but in desaturation this gas-exchange
rate can easily be exceeded by rapid decompression.
Fatty marrow in the same period is likely to be only

TABLE 4. —RecioxaL BLooo Perrrsion Rates axp D1ssoLvED N: EXCHANGE RaTEs

;}(9:
Fra OF N;

. VoL oF
- VoL oF VoL oF
TisstE TissvE, ML | Ny Mu Et"\’lornx-’ Revovep/MiN
Lungs 1200 : 12.0 5.8° 4.8
Thyroid 30 | 0.2 ! (0.30)*0.10¢ 10-3.0
Kidoeys 270 2.7 1.33% H 5.0
Heart 300 : 3.0 (0.13)8 ! (0.5)
Adrenals, 7 ml : '
Testes, 50 ml ! 78 0.8 (0.08) i (1.0)
Prostate, 23 ml | ! |
Salivary glands 33 | 0.4 ! 0.02 | 0.5
Brain 1400 I 14.0 ' 0.76% 0.5¢
Marrow (hemopoietic) 1400 30.0% i 0.30' 0.15
Hepatic portal ) |
iver 1560 i 17.03 ) 10.27)
Spleen 130 : 1.5 :
Pancreas 85 : 0.h 1 5410 0.5 (av.)
Intestines i 0.7
Stomach } 1350 i
Colon | !
Intestinal contents (1300) (100.0) - ! 0.008
! Prob.~Min. ' Prob.~Min,
Muscle (40 1) i 1.0-0 40 ¢ 0.025-0.01
Connective tissue (5 1) 45 000-35 000 450-530 0.1 -0.0530 | 0.02 -0.005?
Skin (31) : . (0.35)10.25% 0.07 -0.01
Fat (12 1) | 15 000-3000 ‘ 750(1%{—250 | 0.2 0.15 ; 0.005-0.003
| {] ! !
70-kgman, 1.85sqm ' . ! Ce. | 5.89 -3 09 ! Expected§ (5.8%)

* Figures in parentheses are approximated.

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

$ Includes organ lipids.
§ Notincluding intestinal gas; at standard conditions.

9 Calculated from average value of direct Fick measurements of resting cardiac ou@u&

! From Wadsworth3¢ and Rawling.%*
t From Cournand etal.?

! From Jones et al.?

¢ From Means.?

¢ From Smith.**

¢ From Bazett.'!s

! From Scholander.3¢

¢ From Kety.V?

* From Bagett.! b

n Jonu 13

1 From Bradiey et al.'* and Lipscomb and Crandall.®

ever, marrow aeroemboli are probably more frequent
in fatty than jin 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 (Jones'?). These values, translated to man,
would indicate approximately 300 ml of blood to the
hemopoietic marrow/min and thus a gas-exchange
rate of about 15% 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
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5% saturated (Tnb"lc'e . Fatty Sasirdw 8 presumably
like body fat in terrss Vgsoﬁla'&tﬁ Np ipeasurements

of gas exchange fol t) Dedh done since
Campbell and Hilt ¥ u%\) eze fiawbe reason to
question the v- alldxt IS o8 oRiafa, analysis of
N; exchange in bomi xfxnryp“?(m-s% f&) from their
3 goats at 3 atm foEl waverage time
constant similar th t sf g’ﬂble 7). This
means that the ratg ek Qatty marrow
is of the order of (55 cbaﬁe 12: decompres-
uon, great supersa(g rﬂx d ri gls can persist
in fatty marrow foflof eribdsaitl the¥atty 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 & critical supersaturation because of
slowness of gas exchange of these tissues.

Gas Exchange of Liver, Spleen and Intestines.—
The amount of blood diverted to the hepatic circu-
lation was measured by Bradley et al.!* and Jones.®??
This volume of blood corresponds to 309 of cardiac
output, 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, ete. During denitrogena-~
tion, portal blood would always be many times richer
in dissolved N, 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 Jumped together, average blood fow
would be 0.5 vol of arterial blood/vol of tissue/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 109, of the %l;gd per-
fusing the liver. Another source of portaPb
pancreas. Perfusion of the pancreas has not %
ured by these technics, but even if it is aafgreat &8
of the thyroid, it could not account for s‘msfgr part of,
the blood in the portal stream. Therefore thelngn pot=
tion of this blood cores from the gastrom‘tahnal tract:,
Some also comes from the mesenteric fat pady, but in a
lean individual blood flow through fat is # small as ta;
be negligible for these pads (100 ml/min 104 bof mesen-'
teric fat). Approximately 15% of the u@iqc gutput;”
then, can be guessed to move through ‘theAntéstinal.
tissue each minute; thus average rate oEmEtogen res:
moval from the intestines is 50%,/min. » & = - s

In the case of the portal tissues, as indesd \‘%lth all of
the body tissues, gas exchange is not nted,‘
simply as an average of blood-tissue perf@sion @ctg;s;
instead, for each tissue, however homogppefise ther¢s
must be considered to be at least 2 degreés of rglagive:
perfusion vascularity. This presumably 15 dfie Bo $h&
fact that the vascular bed in a tissue ia 03t sniiorﬂl)“‘
functioning; on the average, there is & gmuc_e
vascularity, but here and there in each \3s\@ iﬁﬂﬁlﬁ:
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 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. Average suturation, neglecting the regions of
high perfusion rate, is readily calculated from gas-
exchange measurements and is given in Tables 57 as

1159570
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the modal value of the tissue circulation. The other
statistical extreme of tissue vascularity is represented
by regious that are momentarily poorly perfused by
having relatively few open capillaries. In extent these

TABLE 5.—Bwon-’l‘lsius %%n;csxos N RESTING MEN
GE
(Determined by Rate of Uptake of Radioactive Krypton;
Room Temperature 20 C (Jones*!%))

Haxp : Lec i TaicH
. Mode, .. \ode, « Mode.
Av. 809, { ! Avt | 9591 | Av. | U1
0.118 0.043 | 0.017 0.013 | 0.029 ; 0.017
0.080 0.018 { 0.027 0.018 | 0.037 { 0.019
0.104 0.02¢ | 0.016 0.010 | 0.015; 0.011
0.058 008 | o018 ‘ 001 | |
0.073 0.024 | 0.020 0018 {0.037 | 0028
0.063 0026| 0.018 | 0014 | 0.020 l 0.018
0.054 0.023 . o 0.040 | 0.028
0.053 0.0 | ... | . 0.012 | 0.010
0.081 0.029 A T 0.032 | 0.021
0.045 0.019! 0018 0.014 | 0.026 | 0.026
0.040 0.013 | 0.027 0.020 {0016 ; 0.011
0070Av. | 0.025| 0.010 | 0.0is | 0.026, 0.010

¢ Average value is the perfusion rate as volume blood/
volume tissue for the whole appendage.
T M e vtluu are for the main tissue mass of the ap-
ge Le., in the hand, 80% of the tissues have
vol of blood/vol of tlssue/mm, whereas the whole
hand is vascularized at 0.070 vol of blood/vol of tissue/min.
amounts are poesibly 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
nsitive because so little blood perfuses them.
o rather difficult to predict the minimal values for
3i gurculmon in the hepatic portal circulation since
Sivedaf® dependent for values of circulation not on gas-
"éx&m,gge values but on other technics mentioned that
,,gﬂt’é a\ly average organ-perfusion rates. If one judges,
hoorevxr, from other tissues, the modal circulation of
gh issues should be within 509, less than the aver-
mqafdpculatmns to the tissues concerned. In absence of

sofi

-3 :.TJBLE 8.—N1TROGEN ELININATION IN MuscLES

=5
= B8 VoL Broop/Vor
sol Tissue/Min;
_ @ or FracTion
38 ¢ REMOVED/MIN
=28 CoxprTIoN Av. Mode
B B rest; reclining (thigh
1 't
SE 9 Tables) 0.026 | 0.019
Xal* 5 anestheuzed rest 0.035 | 0.012
S o 0.023 | 0.011
S1in 13 hewy steady state; ex-
= & ercise ? 0.048
LaF anesthetized;  vigorous
intermittent contrac-
tion 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 of
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dissolved inert gases of at least 109 change/min.
Probably the liver-gas exchange rate is closer to 50%
change min. It is doubtful whether such slow equilibra-
tion rates of dissolved Ny as 0.55; change/min or less

TABLE 7.—NI1TROGEN ELIMINATION 1IN Fat

Fracriox

REMOVED, | BLO:):L\'DK
\ 7 .
___E‘.‘___ ’ Fat/Mix,
Coxpimioy | Av. | Mode Mok
Man® irest ; 0.002 . 0.010
Man® ‘exercise; heavy] 0.0047  0.023
steady state | 0.0042 0 02
Catt ‘anesthetized;
contracting ' ;
hindlegs ‘0.005 0.0046 0.023
Catt anesthetized; ’ A
rest i0.010 0.007 | 0.035
Goat (fatty i
marrow ) {ianesthetized 0.00-!5“0.002 ! 001

* From Jones.}?
t Fror Whiteley and McElroy.»
 From Campbell and Hill.1#

are acceptable, as would be indicated by literal inter-
pretation of the data of Campbell and Hill.}* Further-
more. this interpretation would necessitate that the cir-
culation rate for nearly the whole liver would be
somethirg in the order of 3 ml,! of tissue/min, 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
X 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 */,of 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 bhlood/1 of tissue/
min at rest. These values are in good agreement with
plethysmographic 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 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 and thigh receive, re-
spectively, 70, 19 and 26 ml of blood/] of tissue/min
(Table 3). 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 35 ml of blood/l
of tissue ‘min on the sverage and. for modal muscle
eirculation, 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 mun.
As in other tissues, measuremenls in muscle are

1158 174
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indicative of 2 perfusion factors. This is apparent from
all measurements of gas exchange. This bimodality is
attributed to the slight difference in pattern of capil-
lary circulation in the tissues concerned, so that there
are small areas in which unit vascularity is very great
because of effective overlap of open capillaries. There
does not seem to be anv quantitative rule, however,
for the pattern of overlap of the capillaries; great vari-
ation is observed. Sometimes the amount of such tis-
sues is as great as 107 of the total tissue concerned.
and other times, less than a fraction of 19, (Jones!?).
All measurements of gas exchange in muscles show
an increase in gas exchange during exercise of the
muscle. The data of Whiteley and McElroy® can be
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 steady-
state bicycle exercise (Jones et al.%) it is apparent that
most of the body musculature becomes vascularized to
the extent of 48 mi of blood/1 of tissue/min whereas
at rest most segments of muscle circulation may be as
slow as 5 ml of blood/l of tissue/min. Some of the
muscle mass,* such as leg muscles, which in this case
are doing most of the exercising, presumably may be
vascularized to the extent of 240 ml of blood/! of tissue/
min. A few museles or a few parts of these muscles may
be vascularized as much as 900 ml, but it is difficult to
make the deduction that this refers specifically to
musele or to certain muscles. In decompression sickness
the degree of protection from symptamscafiorded DY .
N elimination coincides with what we Jnfiv—hbGut= |
muscle circulation and N; removal mfg“s Hom @x@eg
There is 1 ill-explained discrepancy: ge fedificise€ of
data show exercise combined with prixgeiistiyesdex
nitrogenstion to be beneficial in reducing N, Fersios -
and decompression intolerance. Particilafly-in ghelal?
sence of such data we must assume tfa §e doeg
not confer additional protection when @e? th denitros
genative procedures, since combining exefeise with’di~
nitrogenization has been shown to redyedstiikingly the
N concentration in muscles 8o exerciged TWhiteley andl
McElroy;* Jones et al.%). An altematij;e easoning it
be used to knit the theory togetherznately, Fhat the
muscles themselves may not be the Eagpi'.deii)mpw-
sion sickness, but rather that decofpissgonhi (
may be associated with tissues of abouf'thy mg vRs-2
cularity and gas exchange as mtﬁ'gclésg: ﬁdeeds ;

sary. Uni
94720.

it

ancrofi
California,

rector, The B
. Berkeley,

are most of the carcass tissues at
would comprise only a small portiog of the b
might well be such connective tiagxe&‘ag;t%
sheathes, the tissues bordering the Eplands, pb
tions of tendons, joints, muscle infrtion® &e.df i
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.
Circulstion to the carcass in man varies considerably
. with age; in youths of 18, rates of Ny removal from the
curcass of about 2.3%,/min are observed, whereas in

* This tissue is defined
l’ll-.

not aostomically but (rom exchunge

Lo this instance little parie of
Isrity are summated from all the diereni parws of the tissue con-

cerned into s single expression, which is differsnt from aversge
..

vascularity of che tissu
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men of 25 the rates are 1.1%/min. These values are in
. good agreement with their susceptibility to decom-
pression sickness and rates of protection against de-
eompression sickness by preoxygenative denitrogena-
tion. In all cases the data are consistent well within the
experimental error. The 18-year-olds have twice the
average carcass circulation and gss-exchange rate,
half the incidence of decompression sickness and twice
as much efficiency in preoxygenative denitrogenation
as those over 25 (Jones?), The summated data in
Fig. 8 and Figs. 6-8 express the relationship of age.
carcass N elimination and decompression tolerance.
The change in circulation with age 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 ef
al.’’) suggest an allowable inverse relationship of car-
diac output with age. The magnitude of this effect is
such that the decrease in cardiac output between 18 and
25 is expected to be approximately 0.3 1 of blcod/min/
sq m of body surface, but this cannot be taken as con-
firming evidence. If this change in blood flow is con-
fined to the body musculature, it just accounts for the
effect noted with age in the gas-exchange data. amount-
ing to approximately 0.4 | of blood/min/sq m. Measure-
ments of Oy and CO, exchange in working muscles give
additional evidence that there is some change in blood-
tissue perfusion of muscies correlated with age (Berg®).
However, correlation of the amount of N, eliminated
during the lat 20 min of O, breathing with age in
years has not been observed, although correlations of
r = (.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 muscle N; would
be eliminated whereas practically all of the N, from
the viscera as well as possible lung N, is lcwuﬁtﬁ'
for, Carbon-monoxide elimination has the same‘gu{pt
tative relationship to age (Pace). Possibly thg %ms,
mechanism is involved as in inert-gas exchanges ¢ ©

Gas Exchange of Body Fat—Body fat Bas &p% (;

chon

863

rate. Evidence of non-uniformity of open capillaries in
fat pads was demonstrated by Gersh and Still.?” Aver-
age circulation for fat is some 309, higher than for the
bulk of the fat 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 as its solubility
in blood and other tissues should make the gas-exchange
rate of fat as rapid as that of body muscle, since the

MINUTES
1000 200 300 —-}m
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irulitigh % fat and muscle is approximately of the
. 2 - . .
Sage Drdgr §f magnitude in terms of the blood-tissue

proximately the same blood-tissue perfusicn $ht¢ cperfugion- fkrtor. The He effect was predicted by

as resting muscle. In terms of actual amount oPceliu= {-Behnke.

*H@vever, neither the He-elimination data of

lar protoplasm, fat is richly perfused since it 2 cBme ;'Beh!_ﬂ@ aBdWWillmon™ nor the He data of Jones et al.?
posed largely of oil droplets. However, frof) ge:: gbi&md&)pgﬁecting N; elimination followed by He

standpoint of gas exchange, a blood-tissue pe:
factor of 0.023 vol ot blood/vol of tissue/min

it appears that there may be as little as 10 ml of bl
of tissue/min in which the gas-exchange rate is zén'g
spondingly 0.2%/min. &

0.~
peasiy’;
drops to a N; removal rate of 0.5% change/min;(k,g_i-'o.::.
0.005/min) if one considers the fact that N, is 5 }i 5
ag soluble in fat (Campbell and Hill'!) as in bloog atdd Y

other tissues (Lawrence el ol.¥). From compaftive ~
gas-exchange measurements of circulation in &t

Rtupo

@
Q =N

a® extended enough to determine this fact
g:pgpmaalg Analysis of these data by N, and by
le-gxchangeindicates that the gases behave similarly
d, haye tdefitical time constants in a consideration of
e Hou-laByedissues. This is to be expected, since the

dat€hrSodt crried out for periods of time long enough

rat&duBiat N,.
ow-Prespiire decompression the protection rates
“mé%bmoxygemtion do not correspond to the
relgniBationCrate from fat. It may be concluded

B
Gas exchange of fat is 80 slow that practically-gt B =frém ik titFhe N, in body fat is little concerned in

separate from the other tissues of the body in oonsic@r%
tion of any gas exchange except that of He. Si&uz
taneously measured gases such as Ny and Xe show fat
N, to be a distinctly superslow component (Jones et
ol.%). Analysis of data of Whiteley snd 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

11591249

Enb}ti: Bhe

studied in high-altitude decompres-
iqD. $n Somde, showever, in which denitrogenation for
ong 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 tigsue involved with slow
Nrelimination half-times of 3-8 hr and which would
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have blood-tissue perfusions of 0.0038-0.0014 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
data indicating normal blood-tissue perfusions of the
magnitude of 0.0014 vol of blood/vol of tissue ‘min for
non-fatty tissues, but it is possible that such tissue
exists. Perhaps tendon, cartilage, etc., represent even
poorer vascularization. However, some individuals re-
quire 3—¢ hr of denitrogenation to experience only 30
reduction of decompression symptoms (Bateman't).
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 60
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 breakdown of car-
cass N, exchange. No values for skin-gas exchange are
directly available exospt 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 radiosactive-gas-exchange methods. on
which the critical concepts of this gas-exchange thesis
are based. However, in 3- and 4-hr Nielimination
studies I have made without an oxygen 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 N, 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.

REeLATION OF GAs EXCHANGE AND CIRCULATION

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.
Not only is this the situation with the dissolved inert
gases, but it applies to iodide and probably to sodium.
The thyToid can remove nearly all of the inorganic io-
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
bload-tissue exchange is limited by circulation is found
in data obtained by Sheldon.** He demonstrated that
the chloride ion transfer from perfusion fiuid 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 volume of
fluid flow in the intestinal loop is proportional to the

ISR

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 Ny-He comparisons
(see Table 1). The Behnke data reanalyzed consist not
of 1 component rate but of 2. The 1st component is
difficult to approximate from the limited published
graph of the data, but the major portion of the ex-
change for N; and He, respectively, are time constants
of 0.0083 and 0.0073; the slight difference is account-
able on the basis of incomplete resolution 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 & 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 gas—exchange-time con-
stants and the time constants of mixing of substances
introduced intravascularly has been pointed out (Jones
el al.}). Also, the dilution cycles of intravascularly 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-exchange method.
A litera) interpretation of this concept requires more
exact knowledge of the sodium spaces of blood and
tissues, A sodium curve calculated from Gellhorn's*
data gives the following equation for dilution in blood
of radioactive Na following injection in doge (Jones et
al.?)

Cy = 1987e~1.9% 4 580e—8.1311 - G4 ]~ 0088 . Q(le=0.0038 |
- e oo 9302'-"'"" (amt of Na unexcreted) (7)
where G ifcgnethifation of Na in the plasma at any
timeZOAk of the & ved Nyrexchange curves ob-
taingd i n’}in{m?gr& the amount of Ny contained
in th& bly atRoytieds .
Ny § Wt e o 193 08 4 428e~ 00w 4
£ f S R r: §5§'.§" 4+ B00e~0. 9010 (8)
The1st2 ferms bf &ustian (8) include some lung N;.

Fionp gad-eickiange tidies using gases of different
solubilifies>and iﬂ%?;nt?,bﬂ/waw solubility ratios,
one’éaq_’;pc'ed'_rét 0% b:cdy fat to be concerned with
5th-50repo'iew; gBs &cglxa in equation (8). The blood-
fat ipnirag & thifsubject would be 0.0024 X
5.2 /%atér Solubiftydratio) = 0.013 1 of blood/
1 ofSaf/min PE4uaBo® (B was constructed from the
datﬁlsger@lﬂ} ig TablEs Land 4
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- . 1w 10e=0.44) 4 24e-0-%
?rhg inhalation of high concen-
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e £ zﬁrg 4 Tem¥ 4 (2300¢~10%) 4
d;l Q 100e=0.00% | 4O0¢—t.4u  (Q)
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It igt %l oréfical equation for elimination
of XX oty th
trations of (J;. In &quiti6n (9) the parenthetical com-
ponents are lung N,. From comparison of equations
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(8) and (9) it is apparent that 859, of the N, of the 1st
2 components of equation (8) (obtained without lung
hyperventilation) is due to lung gases. In equations
(8) and (9), item 428¢—9-9*% matches the theoretical item
of modal muscle 500¢ ~%-%¥; jtems 95¢~%-%°% and 100e~¢- #¥
are presumably representstive of intestinal gaseous
N.; iterns 600e™%-%2% 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
amount in terms of body bulk and fat and the physical
solubility of Ny in each. In equation (8), approximately
250 ml of N is from the lung gas spaces, and approxi-
mately 95 ml from the intestinal gases; skin transfer
appears to be a negligible amount. Lung N, is difficult
to eliminate, and vigorous hyperventilation with O,
is the only rethod of removing its influence on the Ny
elimination curve (see Table 3). It is suggestive that
‘the data of Behnke et al.** (see also Fig. 4) as analyzed
into 2 components account for the total bulk of the
body, despite disregard of body-fat nitrogen, by coin-
cident inclusion of some lung N; with component I and
inclusion of intestinal N, with component II. Thus
Behnke's “fat”’ component appears to be in the cor-
rect order of magnitude hy the summation of muscle
Nst and intestinal N,, and the “water” phase of the
body could appear reasonable by the inclusion of very
small, but difficultly removed, amounts of lung air,

N, Elimination As Measure of Cardiac Output.—
Short-term Nrelimination messurements have been
concerned with the minute volume of circulation
(Marshall et al.%) and lung washing-out time and with
measurement of the 1st elimination of body Ny (Mar-
shall et al;* Darling et al.’%** Cournand, & al. %
Stevens etal.*). They establish the rapidity of the wash-
ing-out of Ny 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 N. eliminated in the 1st few minutes. Precise
use of Ny 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 kiduneys and portions of other tissues such as

865

be made more inclusive of the minute volume by in-
tensifying the hyperventilation period to rinse the lung
out thoroughly. There is, however, a definite limit
imposed by the kidneys and thyroid (Table 4), for which
tissues there is only 3 m! of N, which is half eliminated
every 6 sec following Oy inhalation.

APPLICATIONS OF GAS-EXCHANGE STUDIES

Use of He in Decompression Sickness.~Sayers
¢t al.*" suggested use of He-O, mixtures to mitigate the
severity of caisson disease.{ The suggestion was based
on the physicochemical properties of He, namely, that
it exhibits much lower solubility in tissues than N; and
that it should diffuse more rapidly into the body
tissues because of its greater diffusion rate. Use
of He-0: mixtures permits divers to work at greater
depths and to be decompressed more rapidly (Behnke').
Part of the effect of He seems to be elimination of N
narcosis. The other beneficial results in the light of gas-
exchange measurements are not 8o easy to analyze since
the gas-exchange rate of He in the body is not infly-
enced by the great diffusion rate of He. Helium ex-
change is the same as N, exchange except as regards
body fat. Possibly the fat effect accounts for relative
safety of rapid decompression rates of divers using He
although, on a theoretical basis, as in the case of the
brain and bone marrow discussed earlier, in exposure to
He the fatty tissue is saturated more rapidly than with
N». This may make this tissue somewhat more prone to
a critical state of supersaturation in certain conditions
of compression exposures and decompression rates.

Representation of Intestinal-Gas N, in Gas-
Exchange Mesasurements.—Intestinal gases include
& portion of exchangeable N, which is eliminated
through the lungs during O, inhalation. The O con-
centration in such gas pockets of the intestines should
be rather constant and low because of the O, tension
buffering of the blood and the rather high metabolism
of the intestinal cells and bacteria. The N, of the gut
diffuses out progressively during O; inhalation and is not
exchanged for O; molecules. This leads to reduction of
total gas volume, and with sufficient O, inhalation the

brain, liver, etc.—an amount at times as great as 40%, = incidenée Soif severity of decompression abdominal

of the true cardiac output. Nevertheless Marshall hrs 2 D
obtained “reasonable” results from the Bornsteif! fynetiortofhele
Sot 11

technic, probably owing to incorporation of enou

péineats b debr@@sed (Henry et al.¥). The benefit is a
of preoxygenation. From the data
, ® simple calculation has been made

slow-mixing lung-air Ny to make up for inability %o Sstartidgrirom fhe Mssumption that the degree of symp-

measure the very vascular tissues. Similar errors ape
possible with all foreign-gas methods. <]

"“totns of gasipain & proportional to the amount of ex-

9-intes! gas in decompression. The calcu-

+. span Rt &l
Attempts at measuring cardiac output have for thi Tlaﬁmﬂht;wfs Batol acquired protection of 0.008 frac-

most part been unsuccessful (Jones'd) when care ha¥
been taken to eliminate lung N, as much as possible and,

to begin measurements after 5 min of O, inhalations s
The method consists in extrapolating the resoived- dij

components of the gas-exchange-rate curve and sum<, $hat
mating the rates at zero time for the indicated coms;
ponents. This method is quite reproducible but it givesS
“cardiac output” consistently in the range of 2.5-2
4.0 1, which can be approximated by subtracting irom®
the value of the cardiac output, as obtained by otherg
methods, the values known of the blood supply of thel: e
thyroid, kidneys and heart. Possibly the method cang al '-!'i

1 A portion of fat Ny is still included in Bshaoke's 2d mn'.olnd-‘a . *
8 X EhaJDionprdu Sickness.

component.

P59

"tional ¢hyngh,/Ehn Or & gaseous N, elimination from the
'xuio( ‘9-, 7 -
'stasit of exchuige

&hring O, breathing. This time con-
slower than that for muscle and
t%‘%a rgpig than that for fat and indicates

Eﬁ can be a source of considerable
g_er_!'] use of this portion of the gas-

s &
mn'je.ﬁﬂeo’lﬁin may sccount for many shifts in

oy

ge;hitudgogtlg sthwer components of the curve; for
eghdit r&l%vii\'er. such shifts do not account for
ﬂolﬁ @ng !ﬂ; of N,. By coincidence, the gas-
lnntge gn@:ehsmt kis 0.008; this is almost identi-
e%dgi@ constant described by Behnke’

&0 .
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Similarity of Preoxygenation Protection Rates and
N. Elimination Rates.—Three experimental groups
are considered in comparison of rate of Njyelimination
to rate of protection to decompression sickness by pre-
oxygenation.§ Both the gas-exchange data and the
preoxygenation-decompression data have been syb-
jected to the same type of semilogarithmic graphic
analysis, The times of N, measurements were short
{60-90 min), and thus it is improbable that greater
resolution of the N, curve could be effected than into
the 2 approximate components. The 2d component.
which will be the 1 considered in detail, is an approxi-
mate measure of the average change of N, content of
the carcass and its value in these subjects probably
chiefly determined by the muscle mass of the body.

Ideally, all gas-exchange measurements should have
Leen followed for several hours to permit accurate re-
construction of the component parts of the total elimi-
nation curve. By theory, these components represent
tissues classified chiefly by the rate of blood flow/vol-
ume of tissues and also by the dissolved-gas distribu-
tion ratio between blood and tissues (equations (1)
and (2)). The last component resolved is subject to some
bias, depending on the magnitude of the components
of slower rate of time change that are left unresolved,
The “‘components” themselves are an average of tis-
sues 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
distributed 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 (o the gas-exchange compo-
nents (note Tables 4-7).

I. The data reported by Stevens' have been re-
viewed by the methods used here
elimination. The Nrelimination data and, the Dr
oxygenation-decompression (altitude,28%00Q ) da

endlvaing 2
Dy

RY SYSTEM

disregarded. Theoretically, the visceral tissues should
be oo rapid in gas equilibration to contribute to decorn-
pression effects, and, practically, there seems to be no
suggestion of their having a limiting réle in decompres:
sion sickness. It can be seen from Fig. 6 and comparison

e [

E]
[

PEACENT FONCED DESCENTS
AT 3 00T WITH YAMOUS LIVILS
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Fic. 6.—Semilogarithmic curve of combined Ny-elimina-

tion data and preoxygenation-decompression (altitud
33 000 ft) in 27 subjects (Swvensctal.“;)). (altitude

4.

with Tables 4-7 that there is a rather exact coincidence
between the average rate of N, removal from the car-
cass and the rate of protection against decompression
sickness by Oy inhalation.

2. A 2d group consisted of 12 members of the staff of
the Aeromedical Unit, University of California, in 2
flight= with 2 N, measurements (80 min) (Jones®).
hject= breuthed O, while resting for various periods
ure decompression. The data were treated as for the

[~

of this group were reanalyzed sengllogarthmnicglly .
Subjects breathed Oy while resting fof; vigsious:periods :3!® goup. The main slow component was obtained
: oglg 5@ analysis of the Nrelimination data. Because of the

before decompression. This gave an.appatent’

semilogarithmic component for theSloR of  prédxys g?u’gtﬂh)ess of the group, decompression scores are given
genation-decompression data plotted sgaipst time-ang inzterms of percentage of average score of the control
2 components for the Nrelimination data: Fig.{ gived F'R- which was without preoxygenation. One, 2, 3 and

the combined plot of this semilogarhrije ‘data. Thé

&%r of preuxygenation were obtained before the de-

percentage of descents due to decompggssion sickness of er@ipression-exercise test (five 8-in. step-ups every 10

the group are plotted on a logarithmic gealp 4
leugtl: of the preoxygenation period.~Thi &sceptibie
group has nearly 100S; descents in «glqgmiti:& fGighd
without preoxygenation. Superimposd ous th ers
ventuage of descents of vurious periodgoépqqox'ymar
tivn is the average semilogurithmic Gurfe qf #he 2&
component of N. elimination, which is@d s@d do 8138
1009 normal N, concentration corresgonds 8 fhe

trol of zero preoxygenation for thwi@;&. Smgi
that have more rapid N elimination afid $hjehzh

be sufficiently cleared to keep the di&o%e g gonZ
centration in balance with the decomfitesSio |Felhre

b Sve alvo Gagge mnd Bhaw—Aviution Medicine,

138352

[=]
&:Bin agreement with & bubble and gas-exchange theory

£gaipstah »—m;-:) at 35000 ft equivalent. In this group again there

ais gnm rkable agreement between the gas-exchange rate
S'k&he 2d component tissues and the preoxygenation-
Doraitection rate for decompression sickness {Fig. 7).

&he data from both foregoing groups (Figs. 6 and 7)

s@pplied to decompression physiology. The subjects
z_:\Qhese groups were, however, generally more suscep-
Rille to decompression sickness than the usually en-

& Folintered subjects aged 18-21. The altitude of both

Zreups was 35000 ft. Nitrogen-elimination rate and
Fa8 of glecnase 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
groupe at 38 000 ft is possible in 2 instances. Data on
1 group, compiled by Gray*-*' at Randutph Field, are
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o r - T T
0 STAFY SEMCS, 12 CAMES, T FLIGNTS AT LACH AONT
”® 3000 WITw OMg QUANTER STANGAAD TMIRGISE. |
PONTS MPREIENT AEAMEL TTWPTON SCORE OF
57(' AN m-mm;ammutrnm"'
L whouE LovEs -
@ N
s \
’g«: 0\
g5 ¢
Zgu
E
-
ﬁgto
w i
-
32 \
s § \
- © AN
Eg. WALF.TWL « 48 WO/TES + MARAGE —— )\
& 7 [ wTwoson excacrion amve ron e e AN
t‘?. ]
3 AN
s
X \
) AN

F16. 7.

for young subjects with intervals of preoxygenation
from 0 to 60 min before a standard resting flight to
38 000 ft equivalent. Percentage of descents plotted
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Fig. 8.—Tests at 33000 ft using standar® sEpigp’
exercises, showing little incresse in promct.ionazyoaﬁl-
tional hour of preox_\-genm.ion (Gray¥*t Henry galg’)g_) :
s35d
on & logarithmic scale against time of preoxygedhtion
(Fig. 8) gives & good indication that the pPotéctPn
half-time of these subjects under resting conditighs)
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at 38 000 ft is approximately 20 min. This is strikingly
different from the older groups previously discussed,
in which average preoxygenation protection hsalf-time
was approximately 70 min. Furthermore, there is still
a discrepancy, discussed later, in that the protection
balf-time of 20 min is even faster 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 38000 ft with a standard step-up exercise (ten
9-in. 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 ob a logarithmic scale against time
of preoxygenation. This method of plotting is compara-
ble to the plotting of the Nyelimination 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; i.e., 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 same 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
standsrd 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 preoxygensation time. This
would be compatible with & Nrelimination half-time
of approximately 24 min and is considerably faster
than that of the 2 groups reported previously. Still, as
will be shown later, this can be in good accord with cur-
rent knowledge of 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
borizontal asymptotic limit; ie., after 1 hr of pre-
&yGerdtion there is little improvement in protection

%o Edditional hour of preoxygenation. Thus a con-
@ti&n B’a)pmched wherein, no matter how much pre-

tidn is applied, there will be no additional pro-
sectiorbegond this limit. (However, if CO, is involved
i thisex€rcise limit, it may be possible that it will be
efectité dly within certain levels of tissue-N, concen-
tiatibn) B is assumed that a specific effect of exercise
was prijiiding symptoms in excess of those which would
;g ecc@rred even under sitting-resting conditions
dpda ifrtlermore, that this eflect was not related to
(%eoxygemﬁon. Accordingly, the data have

doav® @Fig. 8), the difference between the amount of
#ruiptameEdue to the exercise effect, which is approxi-
@'sgl o descents for any period of preoxygenation,
$pduthe gbserved percentage of desceats should, ac-
@rdng to’the above assumption, give the percentage
& desoen®s that would have been observed under these
@n&@ghad this group rested at altitude instead of
geﬁia’iiagg Plotting of these differences (shaded ares,

w -

5823292



ce
COCUMENT SouR University of California at Berkeley

The Bancrott Library/The University Archives, Berkeley CA

RECORDS SERIES TITLE

Hovdin T3 Jones CommiHaes - ~.p0~pe S

BANCROFTAUARC D NO.

232/ /3¢ COPY
CARTON NO.
%;E\:;Mn;{{on Sustem 2 Nbvogu Elimineh
NOTES B) 4]
214 /13
e SYocch i) /15 /94

848 RESPIRATORY SYSTEM

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 hall-times
are similar.

In every fractionation of these data the same quan-
tity of exercise limit is seen. It does not matter (Fig. 8)
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
possible to obtain the same effect using time to onset of
symaptoms 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 piotting 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. : § £55

The data of Clark et al.** are again suggestiyedf the

general relationship noted between age, circulétigs a3dS ;

gas exchange, taken collectively, and protectich rqui"'pff.f
preoxygenation. Decompression-protection Tatg! lelsi
lows the expected Nyelimination rate as showy igindi-w
vidual and group decompression scores (Fig. §).Olgder ™
individuals are more likely to be slower in rafe g} pfo:
tection. Similar plotting of individual respord® tg. pre-1
oxygenation (Bateman'!) also compares protéction’
rate to possible Nrelimination rate (Fig. 9). Inthgplder-
subjects there is this progressive tendency to¥ard slow;
protection rates (Bateman;'* Jones;*® Clarkvet T
Slow rates are not seen in the younger popultibn dhdi
are sometimes slow encugh to correspond ) & gas®
exchange rate of body fat. This does not by agy Exu'}u:g
relate the phenomenon specifically to body fagty &g
It is equally possible that it represents a genef| RsSgng
ing of the degree of vascularity of some critical -
of the body. 85T 8
Besides an exercise limit, there is evidence'dorg i
greater complexity of the factors increasing oy dingngh€
ing the severity of decompression sickness. There is &
large diurnal shift in decompression tolerance. Morn-
ing rups tend to be more severe than the afternoon
runs even though the flights themselves are carefully
standardized (Heory et al.™). Coincident with this,

NEEREE

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
afternoon. These varintions would account for a large
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exchange and dpn preoxy shown in
individual and group decompression scares. BA, average
individual protection rate (Bateman's), Ave Nr
elimination curves for age groups under 24—23B, ke;
S, Stevens and Ferris; J, Jones (1, fastest curve; 2, alowest
curve; 3, fastest curve and 4, average curve of 18-yr-old
group); &, percentage of symptoms retained, 17-yr-old
up (Clark et al.*); 8, percentage of symptoms retained,
group; 7, percentage of symptoms retained,
up; 8, slowest individual protection rate.
indicate loss of protection during 1 hr of

Jiffetetredin the dissolved-gas concentration for the
gange perigd of Ny elimination and decompression ex-
posuretieBending on the time of day in the same group
of ddbfci. Stevens et al.? showed the diurnal shift in
mefablide as evidenced by O: consumption but re-
go&c{m@uch shift in gas exchange from morning to
a{tefnfongas was noted by Henry ef al.% This discrep-
peiping. .
c (,‘Ualé)’unponed 1 linear progression of symptoms in
Froupgdtegted from 28 000 to 38000 ft under either
Sesfingorexercise conditions. Although his data are rea-
gmblé‘&lu data compiled by Cook et al." disagree
gitﬁ % findings. In Fig. 10, these data have been
sy r uniform decompression flights by plotting
osphefic pressure (in mm Hg) of the test altitude
tage of descents. The data are separately
givided io a.M. and P groups. The morning and
Mten®nPdifferences are striking, and the greatest
time-of-day difference both relatively 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 al.%). In the afternoon, when metabolic and
gas-exchange rates are greater, data for descents are 8o
curvilinear that there is practically no gain in the pum-
ber of descents ot 38 000 ft. These 2 separate groups
appear to give no support to the bubble theory of the
origin of decompression sickness.

JOINT AND CHEST SYMPTOMS

. 250
£ 240 O P Flighs
® AN Fughts
E 230 O av-PN
30 000’

220 £ X Gray’s dete
5 20 | AN+ P, exevoise
E 200

190
L2

10

170
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< 150

40 50 60 70 80 90

% DESCENTS

Fig. 10.—D. p sV analvzed by plot-
ting atmospheric pressure (mm I‘(g) 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 bedomingi
so low that some anoxia is probably present.e

body. This would necessarily increase N, trangfer from

these same areas, so decompression sickness Would:be~

lessened. The fact that there are proportiondlly’msny'
more decompression symptoms and descenfs in the”

morning at 38 000 than at 35000 ft, wherefs in the
afternoon the incidences are the same, seems 4o be”. du
the main support of the argument. If anoxia is the fausa-
tive agent, its effect is likely to be greatest when The-
metabolic rate is the greatest. This is the obsezrelcase.:
The stimulating effect of mild anoxia on théoRpdiaet
output is known (Grollman®). McMichael andngddr®::
37
100 on breathing of air st 16 00018 000 ft equivhlebts
and proportional reduction on breathing of pufe Ds.c
% el oS

decrease in resting cardiac output at sea legel Ivin$
pure O, is inhaled. In a amall group with aPradalyE

demonstrated increases in arm circulstion
Whitehorn and Edelmann® stated that there

significant effect (N = 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,

I

3o b e
breathing of pure O,. If a mild stimulus to Rnoxis’is; B
present at 38 000 {t or below, it is likely that cfrculas:
tion might be increased in certain critical arghs<f the’

869

supply during the test flight (incidence 2755 with mild
anoxia, 45% with full Oy). Measured arterial satura-
tion for these subjects averaged 85%. The explana-
tion of this effect is either that the anoxic stimulus to
circulation increases N, exchange or that the severity of
symptoms is lessened by cerebral depression, or both.

To study this hypothesis, several subjects were se-
lected whose Nyelimination curve could be followed for
2-3 hr on a {airly exact 2-component curve. Thus, the
main body component of Ny elimination offers & straight
reference line on the semilog plot from which changes in
gas exchange may be referred during & period of 1-2
hr. A typical data sheet is shown in Fig. 11. The solid
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F1a. 11.-—Changes in N, elimi at altitude. Solid

dots, N, excretion at sea level; circles, N, excretion at
30000 ft. Rate and rate of ch of Ny elimi

increased when altitude increased to 38 000 ft.

tion

dots are measurements made at ses level the day pre-
ceding, Open dots represent measurements made at
B0-BOESt and agree well with the sea-level measure-
—.H@wever, on decompression to the equivalent
f t the rate of N, elimination and the rate of
ghatige oP the rate increase. Thus, when the subject
‘drops Bagk to 18000 ft after 40 min at 38000 ft, the
Tatf of ’i elimination at 18 000 ft is almost 509
&ov‘g’era it would have been with the same elapse of
Yims of depitrogenation had the 40-min flight at 38 000
it ﬁétg‘ﬁeﬁl included. It is inferred that the concentra-
tlofofedigolved N, associated with this tissue was re-
cod-Eh@amount of the difference by the 38 000-ft
simitlaedyflight. Of 8 subjects tested for changes in
g, & ion at altitude, sll showed 25-1009%, increase
mtdlofrthange of Nrelimination rate at 38 000 ft.
NozZhhgE was seen at 30 000 or 33 750 ft. Of 4 subjects -
meguf@d-3t 35 000 ft before measurement at 38 000
[ A wigl what may have been a 107 increase, which
i nd rigdrtied as significact.
2 Appatrestly the change of Ny elimination st altitude
cuxs FitBer abruptly near 38 000 ft, which would sub-
stiske the hypothesis that it is associated with a
#inful§s & decreased O, tension or mild anoxis. There
seems to be no evidence that this effect might be asso-
ciated with a change in pressure per s, since no change
in Ny-elimination rate is observed up to 35000 ft; this
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i3 in agreement with the observation that there is no de-
tectable change in Nrexcretion rate up to 30000 ft
(Shaw ¢! 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 dissalved
gases become transformed into gaseous pockets that
are more difficult to eliminate than dissolved gases.
From estimation of collections of gas pockets in roent-
genograms of body appendages at altitude, it is prob-
able that less than 19, of body N is so trapped under
the conditions of decompression sickness ordinarily
<e¢en at altitude. It would be extremely difficult to show
such a minor eflect by the Ny-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 preoxygenates the
longer it can stay at altitude before onset of symptoms
in the subjects in whom symptoms are destined to ap-
pear (Jones; Henry ef al.?). An increase of about 15
min in average time for onset of symptoms is noted
with 1 hr of preoxygenation. Thus, with 1 hr of pre-
oxvgenation, the true Nrelimination time might really
be equivalent to nearly 75 min of preoxygenation
instead of 60. Furthermore, the additional gain in Ng
elimination time is spent at 38 000-ft altitude, where we
expect the Nr-elimination 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 O;-inhala-
tion time spent at “prebends” altitudes (20000~
28 000 ft) does not strictly add to the general preoxy-
genation time. (Extmpohtkn of dmn&clgvg of Fig.
10 shows that 28 000 ft is Ebogt £ xﬁlsl ude be-
low which descents due B be
exceedingly rare.) In the t&m% R this
time is only 3/'/, as effectéve s sea-leval
tion. This suggests that the Bhiyice events'tesp 1ble
for decompression sicknessipeeur st:abgufithis
metric pressure, although theg’are Aot mqufgtannl
there is further decompression;: This 1s %o
ferred to as the “silent staget®of decompreésaion
Extrapolating to 35000 angd 38 000 ft, wenw@u ex-
pect that additional time atrthase Altitudes zﬁn ith-
out symptoms might be eves leds ddditive Qie Yotal
of sea-level preoxygemtxzw’lﬁlw Baxi-
mal time distortion of 15 of iofl by
delay of onset of symptonis, ghe- tiides mog at
35 000 ft is probably no morgzhsn JP ﬁu eu:the
gas-exchange rate is that of;t%
discussion. Then at 38000 § Wit @i m-&
tional effect of increased (don‘bld)ésggl gg
from the slow tissues, the tirfe
pected to be about 20 mm/lg(fghg h equzugnc
to 80 min of sea-level preoxygerfition)E Shokothe
N3 elimination at sea level for such a group is about. 33
min half-time and preoxygenation protection half-time
for a 38 000-ft flight is 24 min, the estimate of 8 min
ehrinkage of the half-time of decompression sickness
protection by preoxygenation is reasonable.

Prediction ot individual susceptibility to decompres-
sion sickness or individual protection time of preoxy-
genation has been rather discouraging. Correlation of
Nrelimination rate and decompression sickness has
been observed repeatedly, but the values have not
been high (Stevens et al.;*% Henry et al.%¢). Some at-
tempts have been made to increase the accuracy of this
prediction by measuring the Ny-elimination rate for
1 hr before flight. Protection levels of tissue N, have
been roughly estimated to be 109, of the equilibration
level as calculated from the time necessary to acquire
protection and the rate of the individual’s main “car-
cass” N, elimination (Jones*!). The method is not very
accurate because, for an individual, there is only a
probability that the ‘critical tissue” matcthes the
modal value for the ““carcass.” The interpretations from
curves of individual protection rates with preoxygena-
tion by Clark et al.*® 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 varia-
tions in actual formation of bubbles; body fat may occa-
sionally play a réle in decompression sickness, and it
is not taken into full account in the theorized protection
level of Ny; last, the curves of N;elimination presented
here are a sort of average for a certain group of tissues.
Many tissues, a8 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 eritical tissue might in any instapce 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.i The N, scale refers to the totsl

1| There is experi sl proof that r of the tissues with
air N» occurs in the reverss process of N: slimination (Joom).
The aimilarivy of ssturstion and dessturstion is not spparent unul
the nn-exch e measurement is separated into ita component parts.

When soal; by rate, the time conatants of ssturstion and desstu-
ration are nndxly shown 1o be identical, but in the usual experimeat.
if the dessturation curve starts from ssturated tissue, the saturation
curve begins with partially saturated tissums, and the converse is also
true. It is necemsary to make u very sccurate resolution of such
comparative measurementa to svoid v.ho error of incpmpletely re-

of 00cuITing at

solved data that bave
the same rate,




DOCUMENT SOURCE o o
University of California at Berkeley

The Bancroft Library/The University Archives, Berkeley CA

RECOADS SERIES TITLE

Hain® Sones Cummi Hees . o - /Poq?efb'

BANCROFTAJARC 1D NO.

12/142¢

GARTON NO.

COPY

FOLDER NAME

")&'H(\ N

RovDiradncn Suctern « Nitvowen Elim:
NOTES * ) I @)

A /13

Y/DATE FOUNG.
wsen

"‘Ofcl«

(1t /1579%

RESPIRATORY SYSTEM

amount of N, associated with component II tissues.
The construction is similar to the other schemes pre-
sented with preoxygenation-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 Ny removal
from the tissues there would be expected a proportional
reduction in symptoms of decompression sickness from
what would have been observed had there been no
preoxygenation. Percentage of body N, retained and
percentage of symptoms retained are synonymous.
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