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INTRODUCTION

Respliration snd 1ts control et very high altitudes are
very important guestions at this time. Until comparatively
recent times altitudes have been thought of only in eonnection
with mountains snd 25,000 feet szeemed excesslive, With the
devalegment of the alrplsne, however, man has been exposing
himself to higher snd higher altitudes entsiling progressively
lower tempersatures and lower barometrie pressures., The stimu-
lus of war has prompted the aireraft industries to seek higher
levels for thelir planes, sinee being "on top" gives an undoubt-
ed advantage in tacticel efficliency.

The men who take these planes to extreme heights are sub-
. jeeting themselves to very ebnormal conditions. The tempera-
tures encountered willl approasch or even exceed the most extreme
cold experienced snywhere on the surface of the earth, The
tempersture found at & given altitude varies with the latitude.
The Army Extension Course Specilal Text No. 193 states:

The height at which the temperature ceases to

fall divides the atmosphere into two distinet levers

or shells, the lower being known as the troposphere,

the upper a8 the stratosphere, and the dividing

surfece ltself as the tropopsuse. The temperature

of the stratosphere varies inversely as the height

of its under surface above the earth. For this

resson it iz colder over the Equator than over the

Poles, reaching approximately -50° F, over the Poles

and ~110° over the Equator. Temperature throughout

the stratosphere is falirly constant.

This text also indicates the sltitude of the troposphers



to be 586,000 feet st the Equator and 30,000 feet aﬁ‘the
Poles (96).

An additienal hazard of very high éltituﬁas is snoxia.
The altitude at which supplementary oxygen begins to be breath-
ed varlies considerably, but it is rare that 20,000 fe&t iz ever
reached iithaut using this supply. Oxygen 1z edvocated above
10,000 feet, If 100 per cent oxygen iz then breathed an
sdegquate supply 1s assured until an altitude of sbove 37,600
feet is reached. At this sltitude the total bsrometrie pres-
sure 1s 157 nm, Hg. A fact aften'amittsé in the calculation
of partisl pressures of gases in the lungs is the pHgl = 47
mm. Hg, this beling the vapor tension of water at 370 (., at
all times regardless of the other pressures. The normal
partiasl pressure of csrbon dloxide is 40 mm. during normal
breathing. Thus, of the 157 mm. total pressure in the lungs
at 37,600 feet, 87 mm. (47 + 40) is taken up with water and
carbvon dloxide, leaving 70 for the partiasl pressure of oxy-
gen in the alvescli. At this pOo the dissociation curve of
oxygen shows the blood to be saturated to the extent of 93
per cent. Lower pOp values are assoclated with progressively
7 deoreasing arterial oxygen saturations.

Thus at altitudes beyond 37,600 feet the person is con~
fronted with a decreasing plp ln spite of the imhalation of
100 per cent oxygen. Does this reduced plp have the same
effect on respirstion as simple anoxemia that 1is sometimes

encountered st ground level? What 1s the effect on respira-
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tion i the partial pressure of carbon diloxide in alveolar
air is increased or decreased? These sre the questions about
which very little information 1s at hend,

' Cbviously hyperventilation is a distinct haﬁaf;t to a
person st altitudes above 37,600 feet. In addition toc in-
creasing the arterial oxygen saturstion by increasing alveclar
plo tﬁrsagh a more rapld exchange, the hyperventilation causes
a blowlng off of carbon dioxide which results In an incressed
pH of t&e blaaé whiag in turn ls associsted with & shift to
the left in oxygen dissoeiation ourve., Thus, for a given
pOg value e greater arterial oxygen saturation will be enjoyed.
While these two effects will be of benefit to s person in the
rarefled stﬁasghsre of high mountains also, still e third
benefit is éerivsﬁ above 37,600 feet, This is in conseguence
of the low total pressure., As was stated previously, the
alveolar pO2 is equal to the baremetric pressure minus the
sum of the pHoO and plOg. If the pCUp is reduced this allows
. an inergaae in the pOg. This, of seurse; lends greater sataQ
ration of the blood.

S8ince the carben dioxide may easlly be removed from the
lungs snd blecod the degres of oxygen lack must regulate the
respiration. This is thought to not be the normal stimulus
for respiration so what is the resction to this new stimumlus?
An adequate snd efficient reguletor must be present if the
person is to survive, aine§ he is spprosching the border-

line of tolerable condltions.
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4 large low pressure chamber in the laboratory of the
Argy Alr PForces' Aeroc Medicasl Research Lsboratory has mede
possible research in this field., By pumping the air out of
the chamber--which will hold several men--many of the con=-
ditions of gltituda can be simulasted. A s&eonﬁ low pressure
chamber in this laborétary is equipped with a refrigeraﬁing
unit so thet both cold and leow pressures may be experienced
simulteneously. _ '

The nature of the work in this lsboratory 1s such that
the practical side of every questlion must be foremost. The
pressure of time does not permit the pursult of many problems
which appear to be of acsdemic interest only. Hence some of
the results herein reported msy appear to be incomplete from
the standpoint of statistical significance. However, where
time permitted 1t was always the policy to earry an experiment
to the point of satisfaction of the experimenters. Hence by
sunmarizing the numerous observations of respiration under
guch eonditions as those deseribed above it is hoped some
new light might be thrown on the question of how respiration
is controlled in mltitude, ¢old and anoxisa,.



REVIEW OF LITERATURE

Prior to the middle of the seventeenth aenfury very 1lit-
tle was known sbout breathing beyond its mechanical nature end
the fact thet it was necesasry to life. As was the‘ease with
so many other phenomena, Aristotle had given some eonsidera-
tion to the problem snd had taaghz that the main funetion of
resplration was to cool the blood. This theory was generally
held until Boyle (10), Lower (70) and Mesyow (73) made their
contribution. Boyle, wit§ kis air pump, proved air was neces-
sary for life snd Lower and Mayow coneluded from analogies of
respiration, combustion in alr and combustion of gunpowder
that 8 "nitro-serial spirit® ecombines with “suliphur®., These
suthors, concurring in the teachings of ﬁaséartﬁs, thought the
nitro-aerial spirit wes carried by the blood to the brain where.
it passed into the ventricles and thenee down the supposed
nerve tubules to the muscles. They thought the ineressed
breathing of muscular exerclse a consequence of an increased
consumption of nitro-serial spirit. At about the ssme time,
Hooke (61) showed that an animal whose lungs had collapsed
attér the chest was opened could be kept alive by artificlisl
respiration.

It was not until the middle of the elghteenth century
that the next significent advance in respiration wss made,.

Joseph Black then discovered that exhaled alr contained "fixed
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air® (carbon dioxide) not unlike that glven off by the sction
of scids on carbonates., Priestley, aaoﬁ afterward, showed
that what he called "dephlogisticated air", after the prevail-
ing phlogiston thaeﬁy of Stahl, &iauﬁy&&rﬁd both in ordinary
combustion and in animel respiration. Lavoisier pursued this
idea naming "dephloglsticsted air" oxygen, and showing that
oxygen combines with cerbon and other substences and that the
corbination of carbon and oxygen ;raduces‘eatben dioxide. He,
together with Laplaee; later demonstrated that the carbon diox-
ide preéneed{bﬁ an animal 1s nesrly equivalent to the oxygen
consumed and .that the smount of heat formed in sn animel body
1s nearly equivalent to that formed when an equel smount of
oxygen 1s used in the gamhastien of carbon elsewhere,

Lavoisier made no contribution to the nowledge of how
respiration is contrelled. He bDelieved oxidstive processes
were locallized in'tha Jungs and looked uyén the speeding up of
respiration with exercise #s an unfortunate ecircumstance since
it entailed the using of more food by the laboring class of
people than by the wealthler class, It remained for Hayer, a
Germen, to point the way with his doetrine of conservation of
eneryy. -

The problem of how the respiratory asctivity is ocorrelated
with other body activities wss relatively neglected until com-
paratively recent times. As polinted out by Haldane, this
fallure to detect the delicaey of physiologie regulation was

aléanseqaanae of the crudeness of early experimental apparatus
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the pathologieal condition of breathing whieh hss since been
sssociated with thelr names. Jﬁhn Bunter, the famous English
physicien of the elghteenth century had earller deseribed this
aanditian, but his work had been overlooked. Influenced by
the difference in color of oxygenated and unoxygensted blood
© together with animal experiments in which a very large excess
of carbon dloxide did not stimulate respiration Rosenthel op.
cit, ceme te the conclusion it was solely, or almost solely,
the oxygen eontent of the blood whieh influenced the reapira-
tory center., As Haldane {43, p.12) subseguently pointed out,
Hﬁéeﬁthﬁl was misled by the narcotic effect of very high con-
_centrations of carbon dioxide. Pfliger and Dohman (82) demw-
onatrated ea#elusivaly that both mild exgess of carbon dloxide
snd want of oxygen exclte the respiratory center.

The concept of another type of apnes--vagus apnea--grew
out of the experiments of Head (49) in which he followed the
setivity of éhe disphragm muscle, He interpreted this relaxa~
- tion except during inspirstion as apnes. Apnes thus came to
be regarded ss vagal in origin and remsined so until when
Frederiecq (18) with his eross circulation experiments showed
clearly the existence of true "chemical® apnes.

Begarding the relative importance of exggen want and COp
excess 1in control of respirstion Miescher-Rusech (76) in 1858
showed in men that a small increese in COg stimulates breeth-
ing, but a corresponding diminution of oxygen has no effect.
He formulated the theory that for ordinary bresthing of alr it
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is the COp which effects the regulstion, This theory soon
found much experimental support.

Geppert and Zuntz (31) concluded from animal experimenta-
tion that exercise leads to & lowered CUp and a slightly in-
ereased Og wauw@mm of the blood and sccordingly that neither
of these substances is responsible for the accompanying hyper-
pnea. They suggested that some acid substance produced in the
blood stimulated respirstion advaneing in support of this idea
the work of Walter showing the effects of seids on breathing
(102).

- For contribution of knowledge and stimulus to a great deagll
of research by others in the fleld of respliration and its con-
trol we are deeply indebted to the late Prof. J. S. Haldane.
His works and concepts are well presented w5‘Ww» 3111iman
lectures (43) snd sre briefly summarized here.

Haldane, together with Lorrain Smith, in 1893, Wmmwa e
series of sx@mwwwawwm designed to elarify the knowledge of the
control of respiration. They found that when the COp in the abr
in & seeled chamber rose to gbout three per sent and the oxygen
simultaneocusly fell to about 17 per cent, the breathing of the
men was noticesbly increased. Hyperventilation mmm\wwamﬁwmc
sively »&aw@wma& until with about six per n@wa CQg and 13 per
cent O respliration became grest enough to csuse exhaustion,

If the COg were wmabdam;wWaw found no increase in %@mvwww«ﬂww

volume untll the percentage of Oz reached about 14, Also, if

¢p were supplied so as to be kept constant, but COz were al-
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lowed to sccurmlate the results were roughly the ssme as in
the first experiment., OCther sexperiments showed that the limit
of endurance was reached when the GOz concentration reached
beut 10 gar cent, regarél&s& of the concentration of oxygen.
-If the 8&2 was absorbed, percentsges of Og belgw 12 caused
puch hyperventilation until they were extremely low, i.e.
sbout two per ceni; where consclousness was guiekly loat before
hyperventilation aaﬁlé ensue. They arrived at the same con-
clusion as Miescher~Rusch, namely, that it'is §ha~eanaantra~
tion of CO2 whieh controls variations in ordinary breathing.

In 1505 Haldane and Priestly (43, p.18) began an investi.
gation of alveolar air and demonstrated & remarkable consist-
ency in this alr for each individual under gonditiona of rest.
They showed further, that when the composition of insplred air
is varied, breathing iz resulsted so as to glve a constant per
centage of CUp end not of oxygen. They caleulated from their
results that for a rise of about 0.23 per cent CUg in the al-
veoll, i.e. increasing the mean alveclar COp percentage from,
88y, D.52 to 5.85, there is a conseguent 100 per cent rise in
resting alveolar ventilation. Haldane pointed out (43, p.24)
that the effects of varied CUg tension in the slveoll, and
conseqguently the blood, are not immediate but these tensions
must be\éaintainad constent for some time.

Regarding the quastian of spnes 1t was shown by Haldane
that when the alveolar COg percentsge was reduced by more than
0.2 per cent, epnea was produced. To Haldane the vagus theory
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of apnes was untenable (43, g.g?}f ' |
| Heldane (43, p.20) ilnvestigated the relative importence of
rate and depth of breathing anﬁkgaunﬁ & reciprocal reaction.
In all cases adjustment was such as to maintsin slveolar COs
tension nearly econstant. | | 4
~ The fact that the inerease in ventilation was always near-

iy exactly proportionsl to the inerease In glvgeiar COg tension
seemed to Haldane wsil established until he began his experi-
ment on exercise with Dougles (43, p.30). Then it was found
that in high rates of COp production during musculsr exerclse
the ventilation increased m@?a or less independently of the
COo concentration. It was appsrent that the presence of an
- additional fsetor was csusing thls reaction. This fastor, it
;éas decided later (43, p.94) wes pH of the blood. The same .-
conclusion had been roached earlier by Geppert and Zuntz, as
referred to esrlier,

Led to the concept by Paul Bert (5), Haldane verified
that it 1s thalpértial pressure éf COgo in alv#éiar air gnd
not the mere percentage which regulates breathing (43, p.32).

In 1908 Boycott and Haldane (8), aftet‘ﬁxswiéatien ef/
their own observations together with ﬁhaée of Wsrd, Galllotti
and Walter, concluded that the real stimulus to the respirs-
tory center is the combined effects of carbonic and other
aclds on the reaction of the blood. Later work by Douglas
snd Haldsne (23), Winterstein (104), and Hasselbalch (48)

strengthened this conclusion. However, the werk of Lacquer
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and Verzar (67) indicated that, for e glven H-lon concentra-
tion, carbonic acid,@&a a more effective respiratory stimulant
than mineral scids when injected 1nta‘animala@‘ This evidence
was 1o acecord with the original view of Haldane and Priestley,
namely, that cerbon dioxide exerts a specific effect on respir-
ation, The work of Collip (13}, Mellanby (75), Ege and Henw
rigues (27) énd Heymans, Bouckaert and Eﬁﬂtrebanﬁe (87) also
pointed in this direction.

| The epparent dilemme wes explained by Jacobs (62) when he
showed that undissoclated carbonie aecid penetrates the living
'eellrmnﬁh more resdily than other azclids or the hydrcgeﬁ/iaﬁ
itself, From these dsta Haldane coneludes that:

It ia in virtue of changez in the hydrogen-ion
preasure of arterisl blood that COp affects the
resplratory center, but that considersble changes
in hydrogen-ion pressure produced in other ways may
fail to csuse compsarsble effects owing to fallure of
 these changes tc be communicated from the blood to
the reacting tissue.

 Heldsne's contributions to the knowledge of the function

of oxygen in control of respiration also were great. FPrior to
the work of Haldane, Paai Bert (5, p.27) hed demonstrated gha o
importance of a2 sufficlent supply éf oxygen at all timas.
Haldane snd Poulton (43, p.140) f@uﬂé that réegir&tary resction

§e enoxia was g functlon of the suddenness af'axpﬁsura;te low
‘: axggén tensions. This difference in reaction they explained
on a basls of the rapidity with whieh the C0g was washed out
of the lungs by hygaivantilatiea. It was Haldane's contention

that the effect of want of oxygen on the breathing was largely
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mediated through its influence on the COp pressure {43, p.184).
Haldsne reallized early that the effects of axygén want are
usually mesked by the counterbalancing effect of the hyperpnes
prodused with its resultant washing out of COp, thus removing
one natural stimulus. However, he ?aﬁagﬁiseﬁ tﬁaﬁ'if the Cog
pressure In the alveoll was kept high the two effects were
syﬁargistie and the added effect of snoxemla maenifested itself
chiefly in the form of increesed fyeqasnay of breathing (43,
p.180}.. Bohr, Hasselbsleh and Krogh had previously demonstrat-
ed another interlocking effect of Up and CUs on respiration,
1.,e. the effect of COyp and the resulting pH on the rate of
dissociation of oxygen. As lisldane pointed out (43, p.188},
however, since the oxygen is held morse tightlg by the hemo-
globin in the presence of excess CUg the extra oxygen attained
by virtue of this "Bohr gf23a§“ is never of service in incress-
ing the real oxygen supply to the tissues.

During anoxemia, when the ras§iratieﬁ is stimulsted by @&
decrease in Cp tenslon of sbout one-half in alveclar sair, there
ia feuﬁﬁ a higher §$ of the blood éaﬁ to the w&ﬁhing cut of COp.
‘Thne effect of this on respiration is in opposition to that of
the anoxemia per se. It was early assumed that in response to
the stimulus of anoxemia a condition of scidosls existed in the
blood {43, p.105). Heldane's later investigations on the ef-
fect of pH variation on respiration led him to the conclusion
that the acidosis theory in low atmospheric pressures was

wrong. The 1dea of an acldosis sffect on high altitudes hed
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grown up from the cbservation of a lower titratable alkalinity

of the blood after érslangeé exposures to low pressures.
Haldane showed that no abnormsl aclds &aaumalateé in the blood
at high.#ltituﬁsa, hence thls cannot contribute to an aeldosis.
From the Pike's Peak Expedition results he concluded thst
anoxemlis alters the kidneys in such a way that they regulate
the blood to 8 lower level of alkalinity. Later inwaatig&tiena
by Haldane, Kellas aaé»ﬁannawax {43, p.107) on the urine ex~
cretion showed thet much base was execreted during prolonged
exposure to high altitude. The release of this base continues
until such time as the original pH of the blood is returned.

So if the fixed bese is removed it is obvious the titratable
alkalinity will be lowered. Aﬁaaee’ﬁaiéﬁaé showed the supposed
scidoslis was not an eacidosis, but an incomplete e&apeasatiea
of an alksloslis. Due to the slowness of the adjustment, Hal-
dane states (43, p.108): 7

, There 1s no doubt thai the regulation of the

resplrstion by slight variations of the H-ion con-

centration of the blood 1s liable to be modified

by conditlions which vary the Op pressure of the

blood.

Haldane snd Mavrogordato {45) focused their attention on
the nervous control of respiretion whére again the knowledge Qm
inadequate. Since the work of Hering and Brewer (54) very
l1ittle hed been done on this phase of respiratory control.
From his experiments Haldsane senﬁinaed that although inspire-
tion does quickly follow on the heels of sxyiratiaﬁ as though

the completion of expiration were a stimulus to inspiration,



as Hering end Brewer thought, it need not follow irmedistely,
The same amuthors showed that the continpence of en inspira-
tory or qxpiratery discharge of the regyiratar?‘eantsr depends
on the extent to which actual inspiration or priratian 8C~
compenlies the»ﬁis@harg&‘ Thus the respiratory center does
not agtnraily act 1nﬂepsndently of the lung movements, but
‘tends to go hand in hand with them, as 1f closely comnected
{43, p#lé&}. | /

More recent work on the role of the vagus nerve in respi-
‘ration has revesled some intereating facts. Adrian (1) has
presented evidence by measuring the impulses passing along
the vagus which shows that sfferent impulses psssing up the
vagus in normal breathing are purely inhibltory of the inspira-
tory asct. Tk§ afferent vegal endings, according to this authoxn
are unaffected by CO2 or oxygen want. Hesd (49) showed that 1f
the vagl are frozen efter the inspiratory or the expiratory
phase has been initiasted this phase still continues, The in
fluence transmitted through the vagl appears to initiate ex-
piratian and 1ts absence permits inspiration to continue; the
center persists in one phase until the vagus gives the signal
to terminate that phase (43, p.129).

Chemical ragulatien of respiration filts into this pleture
as being the regulator of when the vagus asserts its effect.,
Thus €02 increases depth of breathing by causing a greater
degree of inflstion of the lungs to be neecessary before the
~ stimulus becomes effective (43, p.129).
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The importance of oxygen-want as s regulstor of breathing
wes regarded somswhat lightly by Haldane. He states:

“ Though an importsnt and early consequence of

- want of oxygen 18 incresse in the respiration It

is found that, even when simple mnoxemis is so

extreme that consclousness is on the point of being

loat, the breathing in man, except at first, is

hardly more than doubled, as shown by the fact that

- the alveolsr COp pressure is anly reduced to about

half.

Haldane had at his disposal a steel chamber in whiech the
alr pressure could be varied as he wished, In 1908 Boycott
and Heldane showed that when the atmospheric pressure is re-
duced by one~third the COg pressure is very little disturbed.
However, this reduction in pressure effects a'raéuatiun in the
pOg of the lungs from sbout 13 per cent to about swﬁ\ysr cent
of a normal atmosphere whiech, they showed, 1s sccompanied by
e fall in arterial oxygen saturation to sbout 80 per cent.
Their conclusion was that a reduction of 15 per cent in arte-
riasl oxygen saturation or a drop of one-third in at&mspharie’
pressure had no apparent physiclogle effect on the ﬁﬁé&. They
"later concluded the length of exposure to these reductions is
extremely important, however. Haldane well understood the
effects of prolonged exposure to low oxygen tensions, or
"mountein sickness™ for he, together with Douglas, Schneilder
and Y. Henderson spent five weeks of the summer of 1911 on
Pike's Peak {altitude 14,100 feet) studying physiocloglec ad-
justments to high altitude. It was during this expedition

that Haldane observed for the first time the fundamental re-
lation of oxygen tension to the base~binding capscity of the
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blood, or &s he ecalled 1t, the blood alksll. Acelimastization
to the lew oxygzen tenslions of highar altitudes entalled re~
duetion in the hlﬁed alkall,

While at Pike's Peak Heldane observed the periodiec bresth-
ing often deseribed by mountsineers. This econdition could be
abolished by the administration of oxygen, thus demonstrating
control of respirstion by oxygen lack.

The foregoing is by no means an exheustive summary of
Haldense's contributions to our knowledge of resplration but is
maaﬁt merely as s brief dlscussion of hies findings pertaining
to the control of breathing. During the same period, both
tefore and after the Plke's Peak Expedition, Yandell Henderson
‘was making independent observations which alse lend s clearer
concept of this function. N |

The paper of Geppert snd Zuntz {(31) was referred to sbove
in which they concluded that the oxygen used or the Gﬁg‘ﬁrﬁw
duced was not encugh to account for the hyperpnea of axaréisa.
Bazed on Welter's work, they proposed an acid substance being
liberated by the muse¢le. Y. Henderson rejected thls conecept,
but agresd that there was some mysterlous respiratory stimu-
lant of a non-acidie nsture: this hypotheticel substance he
termed ™nyperpnein® (52, pﬁﬁe}«

During the first World War Henderson and Plerce (53) in-
troduced a rebreathing device designed to record reaction to
low oxygen tensions ss s test for flight esndidates. W®With
this instrument they found wide variestions in ability to tol-
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erate low oxygen pressures. They observed that some men begen
hyperventilating with a siight reduction in oxygen percentage
(es 1ittle as one or two per cent) whereas others showed no
byperpneic reaction even to collepse. They found 8 positive
correlation between hyperpnele response and tolerance of low
oxygen percentages. 7
4 second contribution by ¥, Henderson ma&u with his re-
breather was proof that exfgen scnsuagtio& by the body is
1nﬁe@aaﬁan§ of the supply up to the point of eollapse (51,
'p,ﬁé}. | |

Henderson contributed 8 great deal to the knowledge of
3&@&&@&1 regulstion of respirstion. He performed many ex-
?arimsats on the transport of gases by the blood and on the
function of the blood slkgli in the e&rrying of G0p {42)¢ He
mnée many observations on the changes in aclid-base equilibrium
of the blood ecoincident with alti;ué&, partiecularly during his
stay on Pike's Peak with Haldans, Q@uglaskaaﬁ Schneider in the
summer of 191l. 4s to the role of pH as the msﬁiatsr of the
C0p stimulus to the center, Henderson favored such a theery¢

In the early deys of Henderson's work the theory of an
"acidosis® sccompanying exeréiaﬁ and hyperventlilation was
prevalent. He, &t mpproximately the same time ss Haldsne and
éth$rs, helped to disprove this theory and show that on the
a@ntrargxa state of alkalosis ccours. He @és able £§ cause
sueh a shift in pH of the blood by forced hyperventilation In

animals that irreparsble damsge was done to the respiratory
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center (52). Thls is true for voluntary hyﬁaréenﬁilatiaa hnt
not for exereise. Regarding the thrashui& of the CO0g stimulus
te the respirstory center Henderson found this to be markedly
altéraﬁ by certain drugs such as ether (72) and strong afferent
stiﬁﬁl& such az sharp pain (51, p.56}.

Forking with alveolar slr Henderson, Chillingworth snd
#hitney (43, p.37) found that the effective dead space of the
1ang§ is enormously increased during hyperpnes aimpiy by me-
&hgaiaal faetors and regardless of the source of stimulus to
;the respiratory eaﬁtey; This fact has an influence on the cal-
culation of gaseous exchsnge in the lungs during hyperpnes.

ﬁeﬁﬁayaaa;%aa a staunch advocate of COp as a respiratory
stimilant aaéuaanstaﬁtly‘aévneate& its use ln resusclitation.
He sgreed with Haldene in the conecept thet in mml setivity
and rest the C0, controls respiration., They thought that the
sxcitablility of the respirstory center is largely determined
by the tenslon of oxygen; or, more precisely, by the rglahi&n
between the tenslion of Op snd the amount of alkell in use in
the blood (51).

The outstanding contributor to our knowledge of ascid-base
balance in the blood and its effects on respiration was the
late L. J. Henderson. The unsettled question of whether CUg
affects the resyirator§ center directly or through pE hss been
mentioned before. In 1909 L. J. Henderson (50) geiﬁt@é out:

Since the concentration of free csrbonic acid,

H-ions and OH-ions are not independent variables, any
one of them might be the stimulus of respliration, but
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the setion of blood en the respiratory center might

also take place through s complicated heterogeneous

equilibpiunm. .

After L. J. Henderson contributed the formils éﬁ% Kl .
E 4 for an expressleon of the manner in which much of the COp
is carried, a clearer conception of tﬁe relation of COg and pH
of the blood was possible. It 1s easlly seen that if some acid
ﬁthér than HoCO3z enters the blood, such as lesctie aeid, itvwill
combine with the bilecarbonate and thus reduce the avallable bl
carbonate for COp. Yandell Henderson in his book (51) gives
a good éiaﬁussiéﬁ of the theoriez of "secidosis”, "aeardis®,
etc. which gréw out of application of the above formulas to
conditions in the blood. The ehservatiané of L. J. Henderson
on the interrelationship of all the changes appesaring in the
blood during exercilse led him to eonclude tﬁathhe?& is no
specific respiratory stimulus snd that the stimulus to respira-
tion is the blood as a whole {50, p.371). BHis work has done
much to integrsate tﬁa various theories of resgiratieﬁ control.
He has shown that COg, 02 and pH are not independent varlables,
but rather a change in one sutomatically implies a ehange in
the others. This is shown clearly by the nomogram (Fig. 1)
constructed by L. J. Henderson (50). This nomogram is con-
structed for one person's blood, ﬁatkthe~1&pliﬁati¢n is the
same for all bloods. 4s shown on thls nomogram the location
of any two of the five variéblea éatamatieal&y fizes the other
- three. From thls figure & vast number of things @én be de-

termined and although it iz not exact for all blends, it does
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answer very nicely for all bloods of the same, or nearly the
same, combining power. | |

This theory of L. J, Henderson's of no specific stimulus
but rather a generslized bloed stimulus to respiretion would
seem to fit in well with the ideas cf Gesell, who holds that
the real stimulus to respiration wm\me pH of the cells of
the reepliratory center.

An entirely revolutionsry theory as to the control of
resplration has sppesred comparatively recently, throwing a
.new light on this phese of physiology. Heymens and his col-
laborators in mwwm»ﬁa end Schmidt sand Comroe in this country
~ have econtributed much to our knowledges here. v

In 1927 Hering (54) sbowed that afferent lmpulses from
the vicinity of the carotid sinus have an important reflex
effect on bresthing. J. F. and O. Heymesns (60) demonstrated
similar efferent stimuli from the aortie w@mwaﬁ snd C, Heymans,
Bouckaert and Dsutrebande (58] verified Hering's findings.
These latter wﬁaﬁm&wx%ammm by prefusion of the carotid artery
_thet the breathlng could be affected, increased pressure csus-
ing spnea. They next found that the chemoreceptors of these
ereas resct te all three of the long-known respiratory stimu-
lants, namely, fall in pH, rise in COg end anoxemia.

By both exposing an intaset snesthetized animsl to low
oxygen tensions before and after severing the sinus and esortie
depressor nerve &nd using perfused ligated vascular beds with

the imnervastion intect, Heymans et al, demonstrated the effects
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of asnoxemlia are propogeted through this mediwm (60)}. However,
these suthors could find no consistent response in thelr ani-
mals to lncreased CUg. They concluded the carotid chemo-
receptors have a lower thresheld to COp than the center itself
{59). As to the effect of pH on these carotid chemoreceptors
Heymans et al., found & resction, but polnted out the changes
required a wider range of pH than 7.1 to 7.6 {920, p.l35).

~ The work begua by Heymans and his school has been carried
on snd extended by Schmidt and Comroe in this country. These
authors have done a great desl to élar&fy the role of the
peripheral reflexes in breathing as well as draw more definite
voundries for the chemoreceptor nerve endings concernsd in
these reflexes.

~ The original papers of Heymsns et s8l. deseribed the reflex

stimall as coming from the "wicinity of the carotid bifurcetion
and from the sorta™. However, they attempted to localize the
area more closely (90, p.1168) but the best evidence of the
exact location of these nerve endings came from the work of

Sehmidt €33}p He showed that the ch

emoreceptors are limited to
the area of the cerotid body &ad\tha presgoreeptors concerted
with blecd pressure snd eiyaul&taéy.fés§ansevara confined for
the mb&t part to the sinus ares. Howsver, the laﬁtﬁr are not
always so greatly restrlcted and De Castro {30, p.117} contends
thelr presence in the walls of the arteries in and near the
carotid body as well as in thé sinus, QComroe 1s chiefly re-

sponaible for locating precisely the aortle chemoreceptors in
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ment of normal, or eupneic, breathing. Objectlon is ?ﬁ&ﬁgﬁ by
Von Euler and Liljestrand (101) who, és the basis of t§§i§ ex-
§$r§maﬂﬁ$ with dogs in which they found an imﬁrﬁaaaﬁ slveolar
ﬁﬁg econtent snd s decrease in ventilation after ﬁan&rvmtian of
the carotids, eonclude that arterisal pﬁﬁg,nnéar physiologlical
conditions stimulstes respiration through the reflex mechanism
as well as direetly on the ecenter. The finding of Shoek (93)
that the alveolar sag tension is correlated with age should
lend aid to this investigation.

It 1s of interest to note that slthough the pCls of the
blood is a cause of respiration it may slsc be a result, Thus
when the control of respiration is taken over by some other
regulstor, such as Ug-laek, the regﬁitaﬁt hy?é%?satiistion
will result in sn excessive "blowing off" of COg, thus removing
this sourece of stimulus. Y. Henderson emphasized this geint in
connection with the breathing of patients under anesthesis
(51, p.19). Knowledge of this fact has been the basis for his
advocation of an Qgﬂgﬁgfﬁixtﬁrﬁ fﬂ¥‘u§§ in resuscitation.

The effect of carbon dioxide on respiration aaangi be
isolated from the other true effectors of this phenomenon, 1.e.
snoxis and pH. A great desl of evidence has been §réﬁnee& to
show thet the sensitivity of the respiratory center to COp is
greatly altered by the amount of oxygen present {29). Dumke,
Sehmidt snd Chiodi (26) showed that when 3.5 per cent CUp is
inagirﬁé by & normel dog if ample oxygen 1s given the response
is less than if anoxis 1s alsoc present. This effect, they ‘
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showed, is reversed after chemorsceptor denervation. This may
be »wwmwwwanmw as meaning snoxisa exerts a synergistic action

to w«mawnwuma» and this actlon is effected through the chemo-
receptors. Evidence that possibly other things than snoxla

may synergize the effect of CUp on the center is given by
Eramer snd Ganer (65) who found that COp excitability of the
resplratory center diminishes with inereasing arterial blood
pressure in rabbits and cats. ,

" Recently some 1light has been thrown on the way in whieh
anoxemla affects respirstion in humans and the wawu‘am the
carotid chemoreceptors in this function by the work of Asmussen
and Chiodi (3). They produced anoxemia in two distinctly 4if-
ferent weys, one by breathing carbon monoxide (CO~hypoxemisa),
the other by breathing an sir-nitrogen mixture low in oxygen,
{anoxie-hypoxemia)., Their observations on the affect of these
two anoxemies on resplration sre shown in Table 1. It is cbvi-
ous that in rest and light work no appreclable affect on respi-
retion wae noted in the subjects polsoned with CC to the wuﬁamw ,

TABLE 1. A COHMPARISON OF THC PORES OF HYPOXEMIA
{Adapted from Asmussen and Chiodi (3).)

Helative Respiratory Volumes (% MNormal)

~ Hest Light Work Heavy Work
Normsl 100 450 760
CO Hypoxemis 100 440 980

Anoxic Hypoxemia = 160 650 1360
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of 20 to 30 per cent. In heavy exercise the results were less
consistent, with some stimulatory saffeects, In éantrgst to this,
marked hyperventilation was noted even in rest and light exerw
else in the same subjects vhen breathing low (about 10 per
cent) exygkn mixtures. In both cases the per cent saturation
of arterial blood with oxygen waes about the same, 1.e. 70 to
80 per cent. dihe alveolar pCOg was in all ceses lower after
breathing the law~exygen mixture than sfter breathing C0. This
is, of eocurse, in consequence of the bhyperventilation. The
authors point out further that while breathing low oxygen
 mixtures the circulstion is increased while afterrkkeathiag Co

this resction is not evident. Hence ischemls of the respira-
tory center as a causitive factor in hyperventilstion may be
ruled out. , ' | |
The dissoclation curve of the available hemoglobin is dis-

placed to the left in carbon monoxide polsoning (94}, In this
state the oxygen saturstlon of the avallable hnmagiabin and the
srterial pO, will be normal. However, while breathing low oxy-
gen the oxygen disscelation earfa is unchanged, Hence the oxy-
gen saturatlion of the svailable hemoglobln and the pOgp of
arterial blood will be reduced., The difference in srterilal
pOc in the two cases iz evident when the dissocistion curves
sere compered (24}, The plOp in the case of the experiment with
.low oxygen mixture is epproximately 18 mm,., Hg lower. popr an
explanation of the respiration stimulatory effeect in the second
case and not in the first the suthors sllude to the earotid
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last five minutes of the experiment.

The additive nature of the combined response to low oxXy-
gen and increased COp 1s very apparent. For any given plog
the response is mueh greater with a lower pOg than with a.
higher Pﬂé‘ This relation holds until severe anoxia is resach-
ed, theﬁ‘the results become 1assﬂyredictah1c.

The relation of pH to the varlous combinations of Og and
COp the authors have plotured disgrammatically (see Fig. 3).

It is a§§£ren% that with no COp in the lnsplired alr the pH is
higher with inereasing anoxias. However, when the COp 18 in-
creased to about 40 mm, Hg, the pH in all cases tends to return
to the narﬁal, 7.37. Another item of considerable ilmportance
shown on this disgram is the fact that when an adequate oxygen
saturation is assured by & high pOg (155 mm. ﬁgi the COp may
vary through a considerable range with no change in pH. The
suthors conclude, "It is difficult to reconcile the theory
thaﬁ a simple relation exlsts between arterial pH and pulmonary
ventilation with the foregoing observations®.

The beneficisl effects of adding COp to the inspired air
in anoxis are apparent from this work. They have plectured
graﬁhiﬁally (Fig. 4 ) the effect of increasing the COg upon each
of the pOg values. It is seen that if the pCGO2 of the inspired
slr is kept et zero snd the pOg reduced frsm 75 to 54, the
arterial oxygen saturation is reduced from 66 to 41. However,

if 32 mm. Hg COp ls edded to the 54 mm. Hg of Oy the saturation

sgain rises to 66, This rise 1s entirely in consequence of tle
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Fig. 1. Total ventilation of subject P. in relation to pCO; and pOs in the inspired
gas. The pO; values are 44, 54, 65, 80 and 165 mm., as shown along .the curves
Some of the points correspond to the averaged results of two or more experiments.
the number being indicated in the figure. '

Fig. 2. Total ventilation of subject Z. in relation to pCO; and pO: in the inupired
ga8. The pO, values are 66 and 155 mm.

Tigure 2, Graph from Dill and Zamcheck (21).
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Fig. 3. Arterial pH in relation to pCO; and pOs in the inspired gas for béth sub-
jects.  The number of experiments averaged for cach point is indicated.

Fig. 4. Percentage saturation of arterial blood in relation to pCO; and pO; in
the inspired gas for both subjects. The number of experimnents averaged for each
point is indicated.

vigures % and 4. Graphs from Dill dud Zagscheck (Z1)e
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hyparvgﬂtil&tiaa induced since the resultant lowering if pH
tends to shift the oxygen dissocistlion curve to the -right,
“‘Fram tﬁesétdaﬁa the authors postulate that if the oxygen satu-
ration-is to remaln st, say 80 per cent, a decrement in plsp
" of 10 mm. calls for an inerement in pClg of 14 mm. ?hu# in
the range they have studled the arterial oxygen saturatian‘
will be ralsed more by a glven 1n¢reas§ in ply then by an
equsl inerease in pCls,

Since Heymans' early work on carotid and sortlic reflexes
it has been known these reflaxes'are profoundly aeﬁgerned in
oxygen went. Bouckaert, Dautrebande and Heymans concluded in
sn early peper (6) that the respiratory effects of anoxemis
were predominantly Iif not axclnaivaiy reflex in origin., This
eriginalfebserﬁatiqﬁ has been verified many times both by them-
selves (7) and others, the literature on which 1s cited by
Sohmidt and Comros (90). Dumke, Schmidt and Chiodi (26) in a
recent §§b11ﬁ8h1§a determined the threshold of anoxemia hyper-
veﬁtilatian4ia lightly snesthetized dogs to be at an arterial
oxygen saturation of sbout 85 per cent and an artafial PO of
B0 to 55 mm. Hg. They aetar$iaa& that there is no stimulation
éf the respiratory center by anoxemia sinece respirstion was
depreszed by anoxemia sfter complete chemoreceptor densrvation.
After chemoreceptor denervation these animels did not show the
customary hyperpnesa indugéé by the synergistic action of
anoxemia and the inhalation of 3.5 per cent COg. The resction

was, in faet, in the opposite direction--inhibitory te hyper-



ventilation. This indicates that enoxemis only depresses the
response of the respiratory center itself to CUgp. This latter
view 1s eantrﬁyy to the widely sceepted éarli&rvview that
enoxemis manifested itself by increasing the sensitivity of
the reapirstory center to changes iﬁ~$ﬁg {51, p.51l}. It ap-
pesrs that the resction of anoxemia through the carotid body
is 80 well integrated with the respirstory center the distinet
effects arabgell masked.,

~ Von Euler et sl. (100) hold an interesting view as to the
nature é: the stimulus arising from anoxie. They say the ini-
tisl stimulatlon of respiretion brought about by oxygen lack
is essentially an gecld effect on the chemoreceptors of the
carotid body. Oxygen want, they say, is in no sense a trﬁe
stimulant and it induces physioclogic response only as a result
of injury. This observation may be in line with the recent
uﬁ?k of Willman and Behnke (103) who state that some indi-
viduals elther are, or can become, sensitive to oxypen. How-
ever, no attempt 1; made on the pert of Von Euler te explain
why sn scid effect of oxygen want is harmful to the chemo-
receptors while 1@?33 quantities of scid may be injected di-
rectly into the bleod stream with no apperent hermful affect,

Gesell and his collaborstors do nm% fully accept the now

widely held views of COg control of breathing directly througl

the center and low oxygen control through chemoreceptor re-
flexes, It iz thelr thesis that the metsbolism of the nerve

cells comprising the respiratory center itself is of utmost
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importance. Oxygen lasck, they contend, leads to decreased
oxidations and a consequent incressed intracellular acidity
while carbon dloxide exceszs leads to ineressed intracellular
acidity snd a consequent decrease in oxidationa (33, p.189).
In support of this theory Campbell (11) states that the ceuse
of death from enoxia of white rats is intoxiecation from break-
down products of histamine and histldine which are normally
oxldized. This conception of incressed acidity of the cells
of the respiratory center, at least in oxygen want, 1s very
difficult to reconcile following the work of Asmussen and
ehieﬁi {3} mentioned previously. It was this eontention that
the oxygen consumption of the glomus was very low in relation
to the sbundent arterial supply zince the snoxemia of GO poli~
soning showed no response whlle a lowering of the pOy of
arterisl blood effected 2 great response in hyperventilation.
It would thus seem that oxldstive processzes could not be re-
sponsible for this action. p

~ With the exeeptlon of the reference made to Lég&llais‘
discovery of the resplratory center and the work of Hering
end Brewer our dliscussion has so far pertained wholly to the
chemical control of respirastion. It appears, in the light of
some recent ahaérvations in this fleld, the nervous side of
this question cannot be neglected. The division of the once
gingle respiratory center inte an inspiratory center ané an
expiratory center has now been proposed by Pltts, Hagoun and
Ranson (84), and by Magoun (71} following hig work on cats and
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and monkeys. Pitts {83)‘§cinta out that sueh & subdivision
hsd a morphological baslis. He has also sﬁawn that the nerve
- cells comprising the two h&lfmaénters’are anatomically as
well as funetionally different, ;?his is in confirmetion of
an earlier work by Lunsden (cited by Pitts). ILunsden also
found that 1f the respiratory portion of the medulls iz iso-
lated both fram.imyalaas from higher neurcexis stations gn&
vagus stimali its discharges are not rhythmical but tend to
induce & sustalned inspirstion, whieh he termed "apneusis®,
Pitts and Stells (B85) confirm this view. The rhythm of the
apneustic respiratory center of the medulla is controlled by
efferent stimull from snother center in the upper part of the
pons, which Innsden named the pneumotaxiec center, or afferent
vogus stimuli. |

The work of Hering and Brewer on the role of the vagus
nerve in respiration has bsan.reiﬁvsstigﬁt&d'and'exgandéé
recently. Gesell and Hamilton (36) found that stimmlation
of the vagus during exyiraéién prolonged ezpiratioﬁ and
stimilation during inspirstion prolenged inspiration which
was then f@liaxad by & long expirstory phase. jBaﬁsauae the
expliration is more powerful, théy regard the vagus &8s pres-
“domlnently expirstory. Hering'!s nerve was found to be pre«
dominantly inspiratery. Cutaneosensory nerves {such as
saphenous) were midway between. All sppesr to enhance the
phase in process at the time of stimulation. ﬁﬁﬁarentiy the

susceptibility of each half center of the respiratory center
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to stimmlation depends upon the phase of éﬁtivity then pre-
valling. | :

By effﬁetiﬂg a8 freezlng technique 1t is pagaibla to gulek-
yiyrramove the influence of the vegus nerve. Using this tech-
nigue Ter Braak (95) showed that 1f lung volume 1s 3@#11,
vegel bloek has no sffect on respiration. W®ith inecressing
Jung volume to bloeck off the vagl produces more and more pro-
nounced shortening of the expirstion and s less marked pro-
longation of inspiration, thas}reaalting in an increased
respiratory frequency. Howsver, when the lungs are collapsed
these authors found the blocking of the vagli has the opposite
effect, In normel respiration thﬁ\anly vagal endorgens ine
volved in respirstory reflexes are streteh raﬁgﬁtars; the
sensitivity of which increases with lung volume, they conelude.
' This vagel stretch reflex is an excitatory phenomenon in which
each streteh proprioceptive ending drives both the insplirstory
and expiratory halfwgantera by virtue of their dual connec-
tions st the center. GCoordinated slternate reflex activity
of the two half centers 1s ésgenﬁan% upon reciprocating ,
intercommunications, ?ﬁgai iahibitiau of the inﬁyiratary
h&lf center is regarded as a sssanaarv r&sg&ns& to vagal ex-

eitatisn of the ezﬁiratery half center gnﬂ vice vorsq, thinks

Gesell and Moyer (39).

Although Boyd states (9) that in gulet breathing and
dnriﬁgAhygergnaa produced by rebreathing the net influence
of the vagl on the inspirestory mechanism is inhibitory, Gesell



‘has a slightly different interpretation. ~£ﬁ found, by ecor-
relating setion potentials of ;ﬁe vagl with respiratory
movements that during iasgiration there is an ever increas-
ing sction of the vagi whieh is in direct §ra§ertienAtevthﬁ
ﬁﬁimanary inflation., This slowly sugments ﬁhe inspiratory
act. Then at the beginning of expiration the vagal sction
is shifted to the expiratory center, but rapidly subsides
(32}, This interpretation of the shifting of the vagal
 asction from the inspiratory museles to the expiratory mus-
cles is In line with the conclusion Wyss drew from his'wark,
namszy, that there exists no specifié expiratory afferent
vagal fibers (105). If Gesell's interpretation is to be ac~
cepted we must abandon the original ﬁariagﬁBramar view that
vagal impulses are inhibitory and now concelve of the vsgal
fibers an excitatory section shich is f&rﬁt to the iﬁsgiratcry
act in inereasing amount proportional to the inflation of the
lungs and then st the coneclusion of inspiration rapidly
shifted to the expirstory sot with rapid subsidence.

A& pertinent and interesting observation was made by
Greham (41) who, using fowls, found an expiratory air stream
through the separated (in situ) trachea caused interruption
of the inspiration. An inspirstory sir atregﬁ had no effect
on respiration. The former effect was sbolished by section
of the vagl.

Gesell, lLapides and Levin (37) have also investigated

the nervous asetion of the resplratory center, They coneclude
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and reflexly through the outlyling chemoreceptors. Though
providing steady drives thag provoke patﬁédi& respiratory
setivity. As the cells of the inspliratory balf-center begin
to act they, through intercommunicating collatersls, iﬁhi&it
the cells of the expirstory half-center. '?ﬁa frequency of
impulses from the inspiratory halfwcanﬁar‘te the inaﬁiratarg
miscles ineresses, primarily through vagus afferents eoming
from the expansion receptors In the lungs untll, at 8 certain
point these vagal impulses are transferred from the inspira-
tory half-center to the expiratory half-center, followed by
rapld subsidence of the vagal impulse. The afferent ex-
piratory impulses then follow one of two patterns--raplidly
sugmenting with slow fall off or s steady state throughout
the expiratory act-~depending upon the afferent impulses
(32}. Increased depth of respirstion 1s explained as s com-
bination of recruitment of new musele units aad an intensi-
filed activity of those unilts alraaﬁy‘eagagadg The same
principle holds for hLyperpnea from Oz lack or COp excess
{34), Parts of this explanation appear to have merit, but
as ment loned before, the assumptlon of san aeldity within
the center appesrs unten&bie; \

The hyperpneas of mnaaﬁlar oxerclse ie now thought to
be prineipally reflex in origin rather than of & chemical
stimulus. Thus it resembles tﬁe stimulus of enoxemla.
¥ielsen (80) hss suggested the hyperpnea of exercise-could
be gittributed to impulses destined for the muscles irra-
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dlating into the respiratory center, or to excitatory re-
7flexea from the muscles. Harrison and esilébaratsrs (89}
have confirmed the latter view.

All nervous tlssue iIs sensitive to oxygen 1aek§ Lernox,
Gibbs, and Gibbs (68) showed that unconselousness ocours
when jugular blood eﬁnﬁa&n&xlass than 25 per cent saturation.
It’appgara prolonged exposure to such low pressures of axy?
gen will lesd to definite braln Injury, this tissue being
mach more sensitive thanamnsale‘tisaae; (17). Gellhorn,
Cortell and Cerlson (30}, observed in cats that §artiai
snoxia appeared to increasse the exeltability of the hypo-
‘thalemic sympathetic centers. This effect depends upon the
presence of afferent ;ﬁgalﬁeg from %ﬁe.aﬁ&maracagﬁarg of the
" sino-sortic area. Somatiec ?ﬁspanaéa obtained from the zame
level, however, appear toc deerease.

- The degree af anesthetizatlion appears to grafﬁanélg af -
fect the respiratory respcnse to stimulus, Ignorance of
this fact has led to maaj misinterpretations in enimsl work.
Especlally 1= this true in the case of the reaysase;af dogs
to low oxygen. If aignifiaaat stimulat%en by anoxemia 1s
to be obtained the dog must be lightly anesthetized {78),
Moyer and Beecher (79) state that the hyperpnelc effect of
low oxygen 1s not abolished by deprivstion of peripherasl
chemoreceptor reflexes, but Dripps et al. (25) do not find
significant difference in unsnesthetized and anesthetized

dogs as regards the mechanism of response to C0p and low 0On.
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R, T
olimatization, however, the acld-base balance charasteristic
of lower levels 1s restored.

- The changes concerned with oxygen transport are not so
‘well agreed upon. Bareroft (4, p.42) postulated from his
observation on the Peak of Teneriffe (10,000 feet) that the
affinity of ésméglabin for oxygen was increased. Haldane
{43, p.l10) took the opposite view after his experience on
Pike's Peak. Hall (46) on the basis of research carried out
in the Andes sgrees with Haldsne.

D11l (21, p.171) found that the acclimatized person is
eble to supply more oxygen to his tiséaaa than the unsecli-
matized person, and without excessive c?erV3ntila£iaa. He
suggests this probably depends upon superior internsl re-
spiration or upon greater cardlac output, or both. Honge
(?7}‘suggaats'th&t in some manner altitude changes the ce-
pacity of the tissues to fix oxygen. He found a higher oxy~
gen content of venous blood in the fully adapted man than in
the unscclimetized person.

In the fully escclimatized person respiratory volume
varies but little up to an sltitude of 17,800 feet. However,
in dealing with respirstion at high altitudes ancther type
of person must be reckoned with--the unaceclimatized persén
who 1s rather suddenly exposed to the rare atmosphere. In
his case none of the adagtite messures mentioned in con-

nection with the scclimatized person are seen. Whereas

profound readjustments of the Internal phase of respiration



il
are noted in the acclimstized person, with the unscclimatiz-
ed peéswn all sdjustments must be msade in‘the extQQaal re-
spiration,

The altitude at which hyperventilatlon beginsg is dis-
puted, Sohneider (97, p.105) found, using a low @rsssnra
vehambar, th&rr&te of resyirati@ﬁ was not affected particu-
larly until a simulated altitude @f 15,000 feet was reached,
Armstrong (2, p.255) reported changes as low &s 4,000 feet.
Haldane snd Poulton (97, p.108) reported wide vari&tieﬁ in
- response of subjects to lowered (o tension but raperteévaamu’
responding to reductien of five per cent axygﬁn in the in-
spired air. This figure, interpreted in terms of altitude,
agrees with Armstrong's figure. In severe exercise and
snoxis the increase of respiretion rate may be as much as
fourfold.

Thg depth of respiration 1z seemingly affected more by
altitude than the rate, Variatlion among men is greater, how-
ever. D111 has emphaslized the point that the responslive~
ness of the resplratory center to anaxia.éetarﬁinas ina
large measure & man's altitude tolerance (18}.

Az waes polnted out previously, low-oxygen stimulstion of
rﬁsgiéation tends to wash out the COp from the lungs. This
is apparent in one who 1s suddenly exposed to the low oxy-
gen tensions of altitude. The recovery is qulckly made,
however, on descent if the exposure has not been too long.

1t is said an avistor breathes subnormally for = time after



descent until his normel CO2 tension is retained (97, p.1l12).
As regerds the effect of temperature on respiration,
this phase is much more pronouncesd in those animsls who have
wmw few sweat glands than 1t 1s in man., High temperature
favors the dissocelation of oxyhemoglobin (21, p.l4). |
| Gesell offers a hypotheticael explanstion of the hyper-
- pnes observed in hyperthermia on the grounds of an increased
metabolle rate in the nerve cells of the respiratory center.
This, he says, produces a grester metabolice gredient between
. the sxon hilloeck snd the neuron, thus increasing the rate of
firing (32). He mekes no attempt to explain how the degree
¢f this response is esontrolled whieh could mceount for the.
panting response in some mbw&hwm,wﬁm not in others. Tempera-
ture not only sffects the oxygen combining eapselity of the
hemoglobin but slso its seid-binding capacity (20). Dill
snd Forbes (20) found in patients under cold anesthesia
that despite hyperventilation the plp of arterial blood
-~ declines with decreasing body temperature. Slowed diffusion
rate, slowed blood chemlcal changes or some pulmonary edema
-are offered as posslble causes, They found the pH to be on
the sclid side, They conclude that while the scld-base
‘ ,wmwmaam nw the blood 1s the probable a@ﬁmm of the observed
hyperventilation the reduced pOg mey have been sufficlent to
cause this response through the mediation of the caretid

body.
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calibrated to read the proportion of hemoglobin mawﬁwwww engaged
in the transport of oxygen.

The colorimeter consists of a photocell together with a
small electiriec Hma% which fits over the cuter ear and sends &
constant »wwmﬁmwﬂw light beam from the lamp through the seaphas
of the ear against the mwa«awmww« The coler of the light strik-
ing the photocell is thus dependent upoch the eolor of the blood
it has passed through. <©Une section of the photocell is covered
with & red fllter, making 1t sensitive to changes in color of
the 1ilght beam falling on it. This photocell section is then
connected to a galvenometer which records the proportion of
oxygenated hemoglobin directly. See Flg., 5 for an example of
the ear unit snd galvanometer.

The thieckness through whiech the light beam must flow will
influence wﬂ»,w@mnww@‘J Ears differ aawmwwaaawww in thickness
and a8 given ear will vary according to the &am&wa of nwwwwmﬂwaw
of its blood ceplllsries. These variances sre teken into ac-
count in the settling of the inatrument. 7The second section of
the photocell is covered with a green filter whiech is insensi-
tive to the eolor of the blood. This filter wawmama whieh of
the several scales on the galvenometer shall be read. 3ufl-
ficlent time must be allowed for the ear vessels to reach maxi-
mum dilitation for the degree of heat applled,

The instrument must w@w be mwn on some gaturstion figure.
A person sitting quietly breathing ﬁo%ﬁmw~ﬁcea air hass about
wm per cent of his svallable hemoglobin saturated with oxygen.



PHOTOCOLORIMETER

GALVANOMETER PANEL

CONTROL PANEL

Figure 5. The Millikan (ximeter.
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If, however, he br#gthaa pure oxygen for s short time, hils.
gsaturation will become 100 per cent. The setting is then made
according to the conditions, The instrument is now ready to
give s constant pleture of the oxygen saturstion of the bload,\

The accuracy of this oximeter 1s checked occasionslly by
taking a sagpia of arterial blood from the brachial artery of
the subject while noting the reading of the oximeter. This
blood, drawn end kept under oll, is then analyzed on the Van
Slyke manometer sccording to the method of Peters and Van Slyke
(83 ). The accuracy of the Van Slyke manometric method is
1 per cent. When chetked againast this method the oximeter
usually fells within the range of £ 5 per cent at the lower
saturation lavéls, .., 50 to 60 per cent. The sccurscy ine
creases with the rise in saturstion, Fuller details on this
instrument are avalilsble through its menufacturer, the Coleman
Electric Company, Ine., Meywood, Illinois.

¥r. Bermard Smaller; a physieist in the lsborstory, has
constructed a flow meter whiech can be placed in series with the
inspiratory tube and the ventllation rste recorded. This instm-
ment 1is based on the principle of g hested wire beling maré
resistent than a cocl one. Since the rate of cooling 1s di-
rectly proportional to the number of molecules of alr hitting
the wire, the rate of alr flowing past the wire can be meas-
ured. The resistance of the wire is measured in a Wheatstone
bridge and the recording is on a sensitive microsmeter which
is highly demped.



In some cases respiratory volume was measured by having
the subject exhale directly through s gas meter while in still
others, the exhaled alr was collested for a given length of
time in e Douglas bag and later measured in a large spirometer.
Samples of this elr were then taken for analysls on the Haldane
gas an@lys;s equipment. In one series of experiments the ex-
halation was directly into a large (500 liters capacity) Tlssot
spiraﬁetar, the rise of which was recorded each minute.

‘Eas§irstar3 tracings were obtalined by using s specially
built Both-Benediet metabolism #gs;}aratua modified with pulleys
to increase the emplitude of the bresthing curve. The speed of
the Instrument was incressed by lInserting an electric kymograph
motor to drive the recording psper at any desired speed. 4
drawing of this instrument is found in PFig. 6. |

A cardiotachometer has been employed for the purpese of
recording heart rate. This instrument conslsts of three elec-
trodes which are held by straps to the front of the chest wall.
Wires leading fram #hs slectrodes go to sn smplifler which
records the beat of the heart with & pen writing on a tape
merked off in seconds. The grid of the tube of the amplifier
is aﬁ}&steé to s point just below the discharge potential of
the tube. The impulse coming from the heart beat through the
electrodes is sufficient to cause a diaehargo'of the tube

which in turn ls recorded on the tape.



v
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SPIROME TER - KYMOGRAPH SETUP

Figure 6,



PROCEDURE

When speaking of ventllation it 1s customary to speak of
the total emount of alr breathed in a minute and cell this the
m&nnte ventilation rate. Iﬁ,rurniahing oxygen to a person this
figura is of importance, but still snother rate is of more im-
portance.,  This 1s concerned with the mexlimum rete at which
- this air is teken in and giv&n out during periods af inspi-
ration and of expiration,

For this determination it is necessary to take intc ac-
count the fact that, while six litera may represent the total
minute ventilation, this six liters was taken in in slightly
less than half of the minute, the remalnder of the time being
taken up with the exhslationa and the intervening psuses., It
felléws that oxygen equipment must not only furnish an ade~
quate emount for the total minute's ventilation, but also
furnish it rapidly enocugh to prevent discomfort in the breather.
With this problem in mind a respirstory epparatus as previously
described was construeted and tﬁaryattern of resplirstion of
several subjects was recorded st ground level (three levels of
| activity}, altitude (20,000 and 35,000 feet) and while shiver~
ing in the cold. From these data 1t was possible to aaiaulata
the maximum rates of inspirstion and of éxpiratian.

If a 180-pound man should bail out of an sirplane st
30,000 feet he would have to abandon his regular oxygen supply.
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5,000 feet up to 20,000 feet. Then, breathing 100 per cent
oxygen, the volumes wsré agein measured at the same altitudes.
In extreme altitudes even while breathing 100 per ecent
oxygen condltions of snoxia develop as & consequence of the
reduced total pressure. This drop in pressure begins to af-
fect the erterial oxygen ssturation at about 36,000 to 37,000
feet. We have recorded the respiratory vaiﬁm@s‘ar & number
of subjects while sitting gquietly sbove this altitude, uaing’
s spirometer. For an ascent to the most extreme altitudes,
such a# sbove 40,000 feet, it 1s necessary to remove some of
the dissolved nitrogen from tﬁa body ss & prophylexis against
¥sercembolism®, or "bends® (2, p.342). This 1s done by breath-
ing axygen,wbizs axsr&iéing.an 2 blcycle ergometer at grauﬁﬁ
level for at lesst one-half hour prior to asecent. The exercise
usnally continues during at lesst part of the sscent so some
little time is regquired for the respiratory volume to reﬁufn
to resting level. To assure at least one competent cbserva-
tion with the effect of exercise eliminsted, an experiment
was conducted in which tha‘subjeﬁtig resting respiratory
volume was recorded, then he denitrogensted for 35 minutes,
then rested 20 minultes untll the rasgir@tory volume returned
to the previous level, then ascent was begun to 44,800 feet
while the subject remained sitting quletly throughout the
experiment meking no consclous effort to influence his breath-
ing. At lesst 15 minutes were spent at each of 25,000, 30,009;
40,000 and 44,800 feet.
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The rationale behind the choosing of 44,800 feet as a
- final height rests upon the pressure assocclated with this
gsstiaular altitude. The total barometric §ressnra of 44,500.
feet 1s 112 mm. Hg. The pHg0 in the lungs is 47 mm. and at
this aitituée enough hyperventlilation will be taking place to
reduce alveclar pCOs to approximately 30 mm, Thus 77 of the
112 mm. will be taken up in the lungs by Hp0 snd COp. Hence
the pOs will be 35, Ex#giﬁ&tian of the oxygen dissociation
curve corresponding to an alkaline pH reveals a pOp of 35 to
be assoclated wizk‘aﬁant a 70 per cent arterial oxygen satu-
ration, or sbout the lowest tolerasble degres of anexis;‘
Although various compensations are adequate to maeintain
‘an individusl at rest breathing pUs values lower than normal,
the gquestion arises if he would be meintained in a considerable
degree of work. To obtaln information on this subjeet a work
bout capable of raisiﬁg the resting oxygen consumpiion some
ten times has been devised. This exercise consists of 1ifting
a bucket weighing one~third the clothed body weight onto s |
table 30 inches high and returning it to the floor onece every
three and one-third seconds, or 18 times a minute. The aahjaat
sits down on a chalr between lifts, arising to perform the 1lift,
The maximum durstion of thils severe work is five minutes.
During the course of the work the subject's ventilation rate,
pulse rate and arterial oxygen saturation were recorded, to-
" gether with, in some cases, an arterial ;gneture st the finish

of the work, the blood then being snalyzed for per cent sastu-
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ration, avallasble base, pClgc and pH,



RESULTS

The\resalts of the analysis of respiratory patterns of
various subjects made under each of six sets of conditions
are tabuléteﬂ in Tebles 2 to 7 inolusive, The specific infor-
mation for esch table 1s found with that table.

By meximum second rate of inapiratien snd expiration 1s
meant the greatest flow, in liters per minmite, which is mein-
tained for between 0,7 and 1.5 seconds, and which 1s exemplifisd

by the stespest portion of the curve. This means that during

the inspiratery or exyiratqry phese the sir will be moving at
such rate a portion of the time.

By dividing the average mex L inspirstory rate found by
the minute rate of ventilatlon, expresssd in Eitera per minute,
we may cbtain s fsctor indicating the number of times the per
minute ventilation rate is multiplied during this maximum flow.

It is seen that in the basal reclining state and in the
sitting condition the average maximum inspirstory rate is
approximately four end one-half times the number rate of venti-
lation, ?he,ﬁursticn of this pesk is very short, however. The
tendeney is toward & rapid builld.-up to the indicated pesk, with
& slow tageriagfaff, In the cmse of exerclse, however, in
which case the per minute volume of respirstion is increased
three to four times, the meximum second rete of inspirstien
- reached 1s only about three and one-half times the per minute



TABLE 2. OBSERVATIONS ON SUBJECTS IN THE BASAL STATE

(Except where noted velumes are -.&cnﬁ.&x at 37° and ambient pressurs.)

aa«msu Mimute Haximon second Maximum segond

used rate of  rate of inspiration auz* rate of expirstion Ap**
Neme NTP Ventilation  Kverige  Haoge v : . A
w.\m.m. T L/mim.  L./mim,  1./min, V m.\u? n.\n?..
D 0,85 69 e 19«20 ka1 25 0.8 3.9
¥ 0.21 5.8 26 3620 L5 2 2715 wﬂ‘.m i
o 0.3¢ Tl 33 Lew2e Loy 18 28.10 2.5 ©
Ha 0.23 mrw 23 2ml7 L5 20 3015 5e7 !
1 0.21 8,} 32 17 3.9 o Lge26 8
- st 5 - S ot S
J 0.21 . 5.0 26 3522 5.3 & g-l 3.9
L 0.21 643 31 25 L9 n 57=17 L9
L] 0.83 6.3 31 5223 L. 22 33-17 3.6
Pe 0.23 6.2 27 32420 L3 17 2112 2.8
P 0,22 5.1 26 35-20 5.1 3% 15-26 6.7
R 0.2 Lo 20 27-12 b1 16 25-10 3.3
Aversge 0.231 6.3 27.8 — Ll 2h.9 _3.88

* Average mazimum segond reate of inapiration divided by mimute rate of ventilstion.
%+ Aversge maxisum second rate of expiration divided by minute rate of ventilation,



TABLE 3. OBSERVATIONS ON SUBJECTS SITTING AT GROUND LEVEL

(Bxoept where noted volumes ars saturated, at 37° and ambient pressure,)

Oxygen = Minute | Maximm second | Naximm seoond

o used rats of rete of inspiration Anz* rate of expiration ANE**
Name ¥IP Ventilation Average  Range v Average v
Ey 0.1 9.5 13 5132 L5 0 3@ 10-25 3.y
F . 0.56 9.6 L3 6126 L5 Rn Ll.22 3.2 &
e 0.l 10,0 L3 57«25 L.3 33 50-26 3.k <
Ha 0,38 8.7 _ N | l2.25 k.0 26 3316 .§ !
B 0.8 7.5 36 6731 L7 27 7419 3.7
Br 0.3L 8,3 35 L2-30 L2 .2 wgm‘_ 2.6
J 0.33 9y i9 G- 5. 53 -0 5.7
L 0.2l 7.3 37 57«33 5.1 28 32.21 3.9
1.8 0.4 15.0 5% 93l 3.9 37 T@5 28
Pe 0.36 9.2 36 - W3-32 k.o 27 33-20 2.9
Pi 0.36 7.2 37 5127 5.1 38 li8-30 5.3
R 0.31 8.0 38 . l7-e8 L7 e 33-21 3.3
Average  0.368 9.7l 2 A " 3.1 3,59

* Average maximum second rate of inspiration divided by mimute rate of ventilation,
= Average maximum seoond rate of expiration divided by minute rate of ventilation,
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rate. The duration of this peak 1s longer than in the first
‘ease’ Exercise at 20,000 and 35,000 feet does not appesr to
materially alter this latter relationship nor does shivering
in thalcalé in which case the per minute volume of respiration
end the maximum rates sttained compare very closely with those
of exercising, both causing an ineresse 1in ventilstion of sasbout
three to four times over rest.

In generel the expiratory phase of respiration is of
longer durstion and the peak rate is less than for insyirati&n.
For bassl and rest conditions this maximum rate ls from three
and one-half %o four times the per minute volume, while in
exercise at ground level, 20,000 and 35,000 feet and shivering
in the cold the maximum rate approximstes three times the per
minute volume.

The degree of anoxla attained in s parschute descent fé@m
30,000 feet without oxygen is considersble. Fig. 7 shows the
average degree of anoxla experienced by the subjeets, together.
with the average per minute volume of éaspiratianﬁ Flg. 8
shows the results of one typlocal subject, giving the arterial
axyg&n.eata?gtian, pulse, ventilation rate and the results of
. an snalysis of arterial blood drawn three to four minutes after
the start of the descent. yit is seen the pH of this blood was
incressed to 7.49 and the arterial pClp was reduced to 29.2 mm.
Hg. These chasnges are usually & result of hyperventilation,
but are never thought to be the cause since s lowered pH and

an increased gﬁﬁgrara known to stimulate respiration. Another



Figure 7.
Hean results of 15 simulated parschute descents

in the low pressure chamber.
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The subject breathed oxygen at 30,000 fset prior
to descent. At signal the oxygen was removed and the
air was asdmltted to the chawber at such & rate as teo
simulate an open parachute ﬁaséant, The subject sat

quietly throughout the experiment.
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70
item of interest from this flgure 1s the immediste response of
respiration to the decreasing arterial oxygen saturation. Also
the lowest aaturatieﬁ, 62 per cent, s a&rwaiatsﬁ w1th the
greatest hyperventilation. The arterial pOg, caloculated from
the saturation level on the oxygen dissoclation curve for that.
pH, is 32, or less than one~third the normasl value.

In the second series of experiments the subjects were in-
structed to hold thelr breath es long ez possible. After
£11ling the lungs with 100 per cent oxygen at 30,000 feet, the
oxygen supply was eut off and the descent &ss started, The
length of time for holding the breath varied from 30 seconds
to two minutes and 40 segonds. 3Since the barometric pressure
-~ was inecreasing constantly during the valuntaré apnesa, the
vpartial pressure of oxygen at the time Ereathing was resumed
varied directly with the length of time the breath was held,
Consequently the degree of anoxls attained was inversely pro-
portional to the duration of breath-holding. |

The scewnmulation of COg doubtless accounted for the hyper-
ventilation immediately followlng the foreced apnes. However
the Qﬁg,effeets are shortlived as evideneced by the guliek return
to normgl ventilation after holding the breath at ground level
for an egquivalent duration. 4Also this fact was varified hy/
anslysesz of arterial blood drawn shortly after the resumption
of breathing. The pH of th@hblagd rises very rapidly in this
case and in our experiments wés quickly shifted to a distinet
slkalinity. Fig. 9 shows a typleal response of a2 subject on



Flgure 9.
After hyperventilating 30 seconds subject held
his breath as long &s possible, then no attempt was

made to influencs respiration,
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whom sn srterial puncture was abtaiﬁeﬁ one minute and 40 sec-
onds after the resumption of breathing and the pH of this
blaoé)was 748 The stimulus of snoxla apéarensly substitutes
immedistely for the initisl stimumlus of increased COg and
lowered pH with no reflection in the breathingg

A longer spnes entails a greater accumulation of COp,
h#n#e a stronger stimulus to the respiratory center. However,
in this type of experiment, the inecreased pls, ss s consequence
of the lower aititﬁﬁe,ﬁexgériéaaeé,shan breathing is resumed
makes the stimmlus of oxygen lack less, If the apnes ls short
the COo stimulus should not be =0 great, but the stimulus of
anoxia will be greater. Our results tend to bear ocut this
contention. In the following table we have kiéte& cur subjects

in order of the length of time the breath was held.

TABLE 8., VENTILATION AFTER HOLDING BREATH
IN PARACHUTE DESCENT,

{L./min. 37°, saturated snd et ambient pressure)

Time bresth }¥1rst gianhé ?hirﬁ minute

Subject was held ventilation ventilation

seconds i./min, 1./min.
L 30 23 - 18
J 42 21 18
F 47 20 15
8 50 21 18
H 68 - g2 ‘14
D 102 41 31
P 120 28 15
G 130 29 14
A 149 30 11
¥

160 42 10




T
The trend is toward s larger ventilastion the first
minute after breathing ls raéﬂﬁaé if the bresth is ﬁei&
longer. Thls can be ascribed to the‘a&eumalatea\cﬁg, The
trend of the third minute, hﬁWG?ﬁ?, is toward decreasing
ventllation 1f the breath has been held longer. This 1s
easily expleined on the basis of sn increased pOp of oute
side alr when the breasthing wes resumed.
Fér testing the sltitude at which hyperventilation
- begins when supplementary sxygﬁn is not breethed, five sub-
jects were subjected to five minute exposures to 5,000,
10,000, 15,000 and 20,000 feet in the 1cw @éeasuée chamber.
The mean results of the ventlla%ien maasarements are pre-
sented in the fal}awing‘tablé:
TABLE 9, RESPIHATION VOLUME AT ALTITUDES

{L./min. 379, ssturated, smblent pressure)

Breathing air

8.4 B.7 G.4 9.8 12.0

Breathing oxygen

8.2 8.9 8.3 8.7 8.1

It is evident from these results that no appreciable
hyperventilation 1s experienced on short exposures to alti-

tudes below 10,000 feebt. Above this altitude some hyper-
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ventllation ls experienced even on ahartféxgcauraa. At
20,000 feet this increase amounts té neaélg 50 per cent.

, However, from the degree of anoxla attalned, which at 20,000
feet mmounts to aspproximately 65 per cent arterial oxygen
saturation, thls degree of hyperventilation appears quite -
small, It 1s recognized that the length of exposure has a
great deal ﬁa do with the respiratory response.

To escepe the superimposed hyperpnes of exercise, ne-
céssit&ts& by the incidence of sercembolism st high altitudes,
special modifications of the plan of ascent to 44,800 feet
' had to be made. By resting after exercise until the pre-
exercise ground level of respiratory volume hed Teturned,

a comperative pleture of the effect of altitude on respire-
tlon was obtained. The fsliewiﬁg table shows the volume of
respiration at ground level before and after axernisa,'aﬁé

at each of four sltitudez at which 15 minutes were spent.

TABLE 10. VOLUME OF RESPIRATION AT VARIOUS ALTITUDES

{L./min, 37°, satursted and smbient pressure)

ol ooy T
s P B o

Ground level ,
before exer. after exer. 25,000 30,000 40,000 44,800

8.1 8.2 7.4 8.7 11.9 15.5

In this csse 100 per cent oxygen was breathed %hraugheﬁ&

the entire experiment. The slight increasse observed at



30,000 feet can be attridbuted to the lesssned resistance of
the oxygen regulator to breathing. However, the very defi-

nite rise at 40,000 feet and 1ts continuation to 44,800
feet cannot be explained on this basis, but must be attrib-
uted to the stimulus of oxygen leck. Evidence for ﬁhis
contention 1s supplied in the f@il@wing table complied from
anaiyﬁes of arterial bloed drawn from eight sublects at
44,800 feet.

TABLE 11, AHALYSES OF ARTERIAL BLOUD OF
SUBJEGTS AT 44,800 FEET

e o - eri o

Subject Arterisl Op pOg pCog

saturation (mm. Eg) (mem. Hg) pH
P 62.3 31 357 745
D 66,5 30 28.7 7.51
G 653.3 29 24.3 7.61
w 62,7 ‘ 27 24.7 T.55
s 60.4 29 28.5 7.53
B 67.9 29 23.5 7.59
P 83.9 37 11.5 776

#This subject was conselously hyperventilating to the extent
of 39.6 1liters per minutﬁ‘

It is of interest to note that in the c¢sse of the last
subject it wae possible to maintain s relatively high arte;
rial oxygen saturation by excessive consclous hyperventils-
tion. The pC02z in this case was, however, lowered gearly to

the point of alkalosis tetanus. The automatic control of
respirstlon would never compensate to this extent.
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The continuous oxygen saturation, pulse rates aﬁd ven-
tilation averages for one subject are pilctured grapﬁ&eally
in Fig. 10. The decline of saturation and incline of pulse
ragte snd ventilation above 40,000 feet are quite apparent.

Extremely high sltitudes add materially to the dif-
fieulty of completing s diffigﬂlt work task. Table 12 shows
the difference in response of one subject at ground level
and at 38,000 feet doing the same work bout.

TABLE 12. COMPARISON OF WORK TEST AT GROUND
AND 38,000 FEET

Subject: P Weight: 177 lbs. Losd: 59 1bs,
Time in '
minutes Ground 38,000 ft.
1 34,5 T 43,1
Ventilation Hate 2 46,5 124,0
{L./min. 379, ssturstion, 3 61.5 134,0
embient pressure) 4 677 123.8
5 T2.5 124.5
6 5l.4 1z22.0
Maximum Pulse Rate | 168 176
Anelysis of Blood
lowest Og Saturation 91 83
pCO2 ' 36.9 32,2
COo Combining Capacity : 31.0 32.8

pH : 7.28 7.29

It is obvious from this table that the ventilation at
38,000 feet greatly exceeded that at ground level while doing

the same amount of work. The snslysis of the blood drawn by

arterisl puncture immedlately after the work was stopped



N =2

{one ninute 10 seconds after at 38,000 £e§§, two minutes
after at ground level) does not revesl a great deal of dif-
ference in pH, CO2 sombining power or pClOs in the blood.
.ﬁgparsntly the lactiec acid production was practically the
same in both cases, and sufficlent to lower the pH of the
blood in spite of the reduction in pCog.

~ A less severe work bout has slso been attempted at
altitudes. In this case the bucket weighs 40 pounds and
is lifted only once svery 7-1/2 aa#aﬁﬁs, e# eight times &
minute. The respiratory volume per minute and arterial
0 saturation of a typical subject doing that amount of
work on the ground, at Sﬁ,éﬁﬂ feet and at 40,000 feet 1is
‘shown in Flg., 1l. It will be noticed a econsliderable drop
in arterisl oxygen ssaturation is experienced while working
at 40,000 feet. This may be interpreted as evidence of a
éeia? in the erossing of the alveolar wall barrier by the

OXFEeN .



Figure 10.

Arterial oxygen saturation by Milliken oximeter.
Subject remained gquiet throughout sscent. One-hundred
per cent oxygen br&athéﬁ throughout experiment, using
& EKrogh two-way mouthpiece. Pulse rate was recorded

on & aarﬁi@taehamﬁtgrvf
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Figure 11.

Arterisl oxymzen ssturation by jj11likan oximeter.
veﬁtil&tian expressed a8 liters per éiante; 379, satu-
rated and at embient pressure.

The work consisted of 1lifting & 40-pound bucket
onto a 30-inch stand and return to the floor once every
7-1/2 seconds.
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DISCUSSION

The reaponse of respiration to severs anoxis is a rapid
one. Upon exposure to low oxygen tensions, ss in s parschute
descent from 30,000 fest wlthout sxygan, the acceleration of
bresthing eppears to go hend in hand with the deecressing arte-
rial oxygen saturation. An interesting fact observed in these
studlies 18 the more rapld return to normal of the resplration.
In these studies the ventilstion had, on the average, returned
to normal by the time 15,000 feet was reached, but the arterisl
oxygen saturation was still about 8érper‘aant* #hen ascent 1is
made from ground level né appreciable hyperventilation is
ordinarily experlienced under 15,000 feéﬁ so the above mentioned
fact only tends to corroborate this observation, The explana-
~tion offered for the pattern of respiration during a simulated
parachute descent is gs follows: At the beglnning enough oxy~
gen 13 in the depths of the lungs =0 that equilibriuvm between
alveolar and outside air is not raaehaéliﬁmaéiatalg, The onset
- of the stimulus of anoxis is thus progressive. The fsll in
arterial oxygen saturstion is so rapld, however, that thav
distinct point at whieh hyperventilation from this cause 1s
begun is obascured. By the time a peak stimulus is resched the
altitude is sbout 28,000 feel or less and the pulwmonsry ventl-
lation has increased nesrly three times. 7This results in e

rapid removal of the 00z with a resultant shift in the pﬁ to-



-y
ward alkalinity, which has an inhibiting influence on respira-

~ As is so often. seen in physiologlec responses the respira-
tory center is apparently more responsive to sudden changes in

the status cuo than it is to sustained stimulus from a differ-

end level of conditions, Thls feset i1s quite evident from the
work of Corwin and Horvath (18) who have pilectured graphieally
the blood picture in response to low oxygen mixtures. Their
graph is shown in Fig. 12, and it shows eclearly the sharp
change in pCOg at the beginning of each period in which a dif-
ferent percentage of oxygen was bresthed. It is only at the
beginning of such a period that the respiration 1s most affect-
ed, the tendency later being to settle down until another
change ls made.

The stimulus to respiration of the anoxia experienced 1ls
decreasing during the descent. At the same time it is opposed
by an alkeline state in the body, causing the deeline in stimu-
lus to be more rapid than would otherwlse be the case, As the
stimulus of oxygen lack is leasened the scocumulation of COg
brings ebout @& more natural stste of alkslinity; hence the
acid-base regulation of respiration will be graduaslly reestabe
lished.

The respliratory incresse associated with a given low
pertial pressure of oxygen ls apperently closely related to
the degree af exercise, It seems qulite clear that in low pOo

g differentlial pressure of one to two mm. is sufficient to



Figure 12. ,

¥ental patients at ﬁatrop@litéa State Hospital, Waltham,
Easgaahaéetta, were subjected to low oxygen-nitrogen mix.
tures, Arterial éxgg&n saturetion was determined by arte-
rial puncture, the needle being left 1in the artery and the
syringe changed s0 that periodiec samplesz ecould be drawn end

snalyzed on the Van Slyke manometer.
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sdequately maintain sn individual while at rest, atrleast up
. to 44,800 feet, but is not enough when the‘exygsn,ﬁénxumgﬁiea
has been incrﬁasﬁd,\aé poeinted out by Dill and Hell {Eéiﬁ
More evidence to substantiate this theory has been obtained
from work tests at high altitudes, It will be recalled that
hyperventilatlion is not great at 18,000 feet while breathing
gilr, or at 40,000 feet while breathing oxygen. No distress
in bresthing is noticed if one remains quiet. However, if
éﬁg work is attempbed the fall in arterial oxyzen ssturation
~ is rapid snd is sccompanied by = hyperveniiiation.

The question of the transport of oxygen across the llving
lung membrene to the blood is sn old one. Haldasne advanced
a theory of active secretion by the lunge (43) but Eaaernftr
vigorously denied this (4). In more recent work Dill and
Fall (19, 0.161) (22) tend to subatantliate Baneroft. Their
dsta, together with recent supplementary measurements are
shown in Table 13. Here the sum of the partisl pressurss of
weter vaper, carbon dloxide, snd oxygen in the blood, herein- .
sfter called summmted pressures, 1s compared with the total
rcutsids chamber pressure. Simce the subjects were all
breathing 100 per eent oxygen at the time of the @eaauramonﬁn
these are the only partiai pressures which need to be consid-
ered, Although the»numbﬂr of subjects in some cases 1ls small,
it is rsadily seen from the proximity of the two vslues £here(
is no need for any assumption of an sctive secretion. .

At the sams time these data clearly indicste there 1s m



TABLE 13, ARTERIAL BLOCD AWALYSES AT HIGH ALTITUDE

Arterinl

| . op By
Fo. Subjecta Altituds Baturation plog PO pHRO Sum Pressure

35,000 95,1 23 e K 1853 178.7

2

(h 37,500 9i.0 - Ll.h T5.8 Lz 164.2 158.7
2 35:’990 82.8 5&»& Lo 56*5 l‘? m'-ﬁ 15&»&9
3 M 88,8 37.1 63.3 L7 7.1 7.6
9 #0,000 ar.7 3he9 b Lt 136.5 140.7
3 k1,000 86.4 3%, 1 557 k7 138.8 13L.2
3 12,000 83.0 3.9 93 L7 1362  127.9
L X ,em 7.5 3.3 .2 7 185 122

g 72.3 33.2 357 L7 115.9 116,3

h&,m 6649 25,6 29.9 L7 08,8 112
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necessity for & large pressure gradient of oxygen between the
lunge and blood. Even though a gradient of something llke 25
mm. does exlst under ordinary conditions it 1s obvious the
blood plz does not reflect the disappearance of this differen-
tiel pressure. The total summated pressure spproximates the
external chamber pressure very well until the borderline of
tolerable pressures is reached. Thus at 44,800 feet, where

the barometer reads 112, full equilibrium gpparently is not
sttalined. Evidence wﬁmw the egullibrium is in some manner as-
sociated with the degree of hyperventilstion is mﬁ%wwwwm by
further observations on the experiment at 44,800 feet. The
subject who most nesrly attained equilibrium with a summated
pressure of 111.7 obviously hyperventilated the lesst, as
evidenced by the fact that his pC02 was highest, 33.7. On the
other hand, the subjeet who hyperventilated most, 359.6 liters
per minnte, haed 2 plOg of 11.5 and s summated pressure of only
9545+« This would indlecate that even though more room 1is made
for oxygen in the blood by removing COg faster, and even though
the affinity of hemoglobin for oxygen is Maawmmmm%f#w.aWa alka-
line shift of the disscciation curve, the rate at which oxygen
can move wwwa the blood in these low pl2 values is definitely
limited. The logical assumption is then that the movement of
oxygen from the lungs to the blood is not wholly dependent upon
a pressure gradlent, at least iIn extreme pUp's, It would seem
logieal to assume that this fector plays an important part in
bringing about lessened sctivity of the respiratory center with
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very low values of oxygen.

The response of the factors affecting reépirstian‘tﬁ
anéxia iz = aémpliaatéd one. Some of the changes appéaﬁ to
be sn ald to respiretion while others are not. Above 15,000
feet breathing dir and above 38,000 feet breathing oxygen it
sppears ﬁh& stimulus of oxygen-want becomes & factor in the
control of breathing. The tendenecy is toward greater venti- V/
lation with its conseguent 1ncreased ellmination of COg .

This effect is beneficial In the sense that the inereased
alkalinity inereases the affinity of hemoglobin for oxygen

and, abavé 40,000 feet, in the sense that a reduction in pCol:z
gllows an increase in pOp when breathing oxygen. The increased
alkalinity of the bloed has an opposite effect, however, that
being a tendency to &éuntaraat the stimulatory effects of
snoxia on the respiratory senter.

It would agpear thaet in most individusals the stimulus of
exygannlaak is sdeguate to maintain respiration at a sufficient-
1y protective level up to an altitude of 18,000 fest breathing
air end to 44,800 feet breathing oxygen. These observations
apply to the unscclimated individual who is exposed to low e#yw
gen tensions intefmittaﬁtly rather than to the fully scelimated
person who presents a vastly different blood pileture.

The difference in response of varlous subjects to the
stresses of very high altitudes substantiated the observations
made on individual cellings by Henderson snd Plerce during the
last war (53 p.6l). They found, by testing flight candldates
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on the rebreather from which ‘c{}g’ Qaa absorbed, that there exists
a wide veriation in ability to withstand low oxygen tensions.
By noting the percentage of oxygen remaining in the tank at the
tine tha'subjact showed aigns of unconsciousness it was re-
vealed that considerable difference existed in the final per-
'sentage,‘ It would appear that the extent to which oxygen-lack
will maintain fully adequate ventilation in very low oxygen
differs with Individusals. ;

At 44,800 feet tﬁe pa?saﬁ who respmded thsilsaat in venti-
letion also showed the most symptoms from the experience., He
suffered from rather severe headsche the remainder of the dsy.
Uther observations on response to altitudes point to the sen-
sivity uf the respiration te(lew oxygen &s belng & limiting
factor in the sbility to tolerate high altitudes,
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SUMMARY

Tracings of the respirgtary pattern were obtained durisg
three levels of setivity at ground level, exerclising at 20,000
end 35,000 feet and whlle shivering in the cold, From these
tracings the instantanecus rate of flow of the alr into and
out of ths‘lnags‘xaa caleculated, The per-minute rate of venti.
lation and the maximum instantaneous rate of lnspiration aaﬁ\
expiration do not appear to be significantly altered in mild
degree of work at these altitudes uf when shivering,

Using & low pressure chsmber open parachute descent from
30,000 feet has been simulated, The degree of anoxia rﬁaehéd,
which 1is considerable, increases the ventilation rate about
two apd one-~hall times. This stimulstion 1s opposed by an
alkaline condition brought on by a reduced carbon dloxide ten-
aion in the blood.

Hyperventilation while éeating’hegina at spproximately
15,000 feet breathing air, and about 38,000 feet breathing
100 per cent oxygen. At about 37,000 feet the arteriasl oxygen
saturation of the blood beglns to fall below normal in spilte |
of the inhalstion of 100 per cent oxygen. At 44,800 faet\the
partial pressure of oxygen in the alveolsar ailr 1s at a eritil-
eally lgw level.

Although s virtugl'aqaixibrium exlsts between the baro-
retrie pressure and the sum of the partlial pressures of oxygen,
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carbon dioxide a#ﬁ water vaﬁor/at extremely high altitudes
while bresthing 100 per cent oxygen if at rest, it is con-
cluded from work tests at 38,000 and 40,000 feet that this
equilibrium brea?a down in exercise. The traﬁaf&r of oxygen
from the lungs to the blood sppesrs to depend on more than
simple diffm#itm.. |

It 1ias eoncluded that the &é&qua@y with which the anoxis
is eapabis of stimulating respiration ﬁeh&aminsa in a large
measure s man's “aeiling“‘ Anoxla in most cases is capable
of maintaining adequate respiration at least to an sltitude
of 44,800 feet. |



CONCLUBIONS

1.  Altitudes of 20,000 end 35,000 feet and shivering
in temperatures of ~40° G, do www slter the inherent mewwwnt
tory pattern. ewa.&auwwﬁs rate at which air is taken into
the lungs and pushed out for & glven respiratory cycle bears
approximately the same relation to the per.minute ventilstion
that it does at ground level. |

2. Vhen sitting mﬁ»awww_wwwawdwmhwwm«»aw begine st
sbout 16,000 feet when breathing air. If hyperventilation
has been produced at higher altitudes wwwuwwma»@ﬁ ﬁWww return
to normel upon desceni to spproximately 15,000 feet. The
srterial oxygen seturation at this time is roughly 80 per
cent of capaecity.

3. The respiratory stimulus of snoxis 1s very rapid snd
is capable of assuming control with no reflection in the re-
mﬁw%ﬂwwawr 1If the breath is held and the subject is then
aﬁmo@mm.wm -1 waﬁ‘www«wmw pressure of mwmmma the aecumulated
mem_mwﬁﬁwmw% mw»ﬁﬁwwwmm respiretion. Then, in & few breaths
the COp content of the blood is lowered, but the oxygen sstu-
ration will be sharply lowered and the stimulus of anoxila
replaces the stimulus of COg.

4, If 100 per cent oxygen is breathed hyperventilation
begins at sbout 38,000 feet. The increase is roughly pro-

portional up to 44,000 feet, but then a rather sharp rise is
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noted between there‘anﬁ 44,800 feet, which 1s caleulated to
be the upper iimit compatible with consclousness if pressure =
is not uséﬁ,

B, Exercise puts an added strain on the forees re-
sponsible for the transport of oxygen from the lungs to the
blood st altitudes., At 38,000 feet the ventilation is in-
ereased nesrlv twice as much as at ground level for the same
emount of work. The srterisl oxygen saturation end the pCCo
are lower at 38,000 feet. @hg pH 48 nearly the seme since
the CU2 combining capacity ls held nearly constant by virtue
of the aceumulated lactic acld in both cases.

6. The completeness with which the portion of the
respiratory mechanism sensitlve to oxygen-lasck can malintain
adequate ventilation probably dstermines the tolerable altli-
tude of the individusal. ﬁyy§rvantilatiaa is s distinet ald
in very low partisl pressures of oxygen. A

7. The conception of L. J. Henderson, i.e. that blood

88 & wholg—~anm

wount of oxygen, amount of COp, pH, etc.--is
the stimulus for respiration appears to be highly tenable
in the light of our observations of respiration in the cold
and at‘high altitudes. |
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