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The Effects of Oxygen Deprivation (High Altitude) on the Human Organism

Part I —INTRODUCTION

I The Necesmity of Stodying the Effects of High
Altitude 1 Aviation

The most important physical variables which
affect the human orgamsm while 1 flight 1 the
modern commercial aeroplane appear to be v1-
bration, noise, ventilation, temperature, rate of
ascent end descent, and altitude The zones of
passenger comfort and discomfort in these and
other variables are shown graphically in Figure
1 (from Bassett) With the possible exception

UNBEARABLE
ZOME
ervs alocicaL

BOUNDARY
AT ANBLE
20°

NATE OF
DEJCEMT

opa FT

: DISCOMFO
FER KINUTE

)
IONE

ALTITUDE
0 Q0o fFT

I
PEYCHOLDOICAL
SOUNDARY
200 B ACCELERATION
184
T J
I l___

1e beo FT
: COMFOR

—

ZOME 008 ||
05
a5 pa
WONEL-40

|20 0B
NOISE

0

colLo YIBAATION

5CU Fr
| PER MINUTE
PEL PASSERGER

YEMTILATION

SUFFQCATE
—

SHMELL

Figure 1 —Physical variables relating to passenger
comfort (Bassett)

of rate of descent and altitude, these factors
have been brought well withm the so-called
comfort zone Their eluimination as unpleasant
aspects of flying w1ll soon be bronght about by
the skill of techmical engimeermg The most
important physical variables which remain to
be controlled appear to be the physiological and
psychological 1mpairment resulting from the
lack of oxygen available for the orgamism at
high altrtude and the action of sudden changes
m barometric pressure on the eardrum of the
middle ear  These two problems are also inti-

(1)

mately tied up with engineermg skll, for their
solution lies 1 the development of supercharged
cabins This equipment, however, will not be
availeble on a large scale for some time, and
nmany doubt the practicability of such proce-
dures for fhghts of short duration 1n domestic
a1r transportation

This report 15 concerned with the effects of
the dimimshed partial pressure of oxygen en-
countered while mn flight at high altitudes on
the average flymmg population The develop-
ment of the human organism has for the most
part taken place relatively close to sea level
There are mallions of people who have hecome
acclimatized to altitudes as high as 8,000 to
14,000 feet 1 the mountamous regions of the
Andes, the Alps, and the Himalayas Howerver,
transporting the human body by aeroplane to
similar altitudes, even though for short periods
of time, cannot help but have marked effects
on various crganic functions In spite of the
amazing capacity of the human orgamsm to
adjust to sudden changes in the physical en-
vironment whether 1t be extremes 1 tempera-
ture, in humidity, in the 1omzation of the am,
or 1 the barometric pressure and the conse-
quent: alteration 1n the available oxygen supply
to the tissues, the problem demands thorough
scientific analysis  The eventual success of com
mercial air transportation, in competition with
other means of travel, appears, among other
things, to be intimately associated with main-
taming a relatively normal organiam during
and at the end of each flight

Physiologists have been interested in the ef-
fects of high altitude for many years A num-
ber of extensive investigations have been carried
out during varying periods of acclimatization
1n mountain expeditions, notably those of Hal-
dene, Henderson, and Schneider {18) to Pike’s
Penk (1911), of Barcioft et al {2) to the Peru-
vian Andes (1922), and of Dall et al (17, 38)



to the Clhulean Andes (1935)  In the Alpe s-
lensiie umvestications have been carried oul by
AMosso (51) Zuntz (70}, and Loewy (40) Mo
recentls Hartmann (29) has made studies nt
very lngh altitudes i the Himalayas  There 1.
alzso an extensive amount of data available frem
the expermments of the physiologists and p—
chologists who selected the pilots for altitnde
flyme dutmmg the Waorld War wath the re-
bieathier apparatus and low-pressure chamber
Tn addiion there 15 an extensiye liternture deal-
g with many specialized aspects of (he effects
of ovigen deprivation in chamber experunents
with 1elneathing devices and with Douglas
bags  Although the data fiom all of the-2
sources are relevant, the experimental proce-
dures have not duplicated the specific rares of
ascenl and albitudes whieh are experienced by
passengers during the average fhight on the
domestic air lmes

In this report theiefore an attempt has been
muade to observe the physiological hochemical
and psyrhological changes associated with sary -
mg rates ot ascent and lengths of eaposute to
altitudes of 10000 to 18000 feet Approxi-
mately 200 snbjects varying in age from 18 to
T2 vears were tested individually  Fero the
most patt they were of nverage physical fitnees
with the exception of the group of psychonew-
rotics whose cnef complamts 1elated to cluonic
exhanstion and fatigne Oun account of cme-
venlence and expense, tle experiments have
heen cartied out m a low oxygen chamber af
sea level  These fAudings have been compaied
witl the data from a limited number of expeit-
ments 1 a low-pressute chamber and duning
actual flights ar Ingh altitude  Thus far we
Liave attemptled 1o study only the effects of 1l
most 1mportant varable of lagh altitude,
nuely, the dimmished partial pressime of oy -
wen  Irmrther expeirtments should be carited
out durmg actual thghts {o hugh altitude (o ob-
serve whether the changes 1n total pressute will
gne 1esults sigmfieantly different from those
obtauned from alteration 1n the partial prescuie
It 15 also important to determimme whether the
psyehologreal effects of flying due to fear etc,
will significantly alter the data obtamned from
chamber studies at sea level

II The Phvsical Factors of the Environment at High
Altitude

The air which 1s mspued at sea level con-
tams by velume, and on the iy basis 2093
perceni of oxygen (Q.), about 78 percent of
nitiogen (N}, 004 percent of cbon diowde
(CO,), and about 10 peicent ot the inert gases,
argon, neon, xenon, krypton and helium  Since
oxygen constitutes about one fifth of the an,
the partial pressure of oxygen alone, therefore,
1~ 159 mm Hg  Asone 11ses aboyve the level of
the <en, the prescuie of the atmosphere falls
(barometric pressute) so that at any given alii-
tude the concentration of gases 1 a given vol-
ume of a1t 1 redneed AL 19,000 feet for exam-
ple although the compesition of the aun 1s
unaliered,® the total ntmosphelie pressute and
the partial pressute of oxygen aie 1educed oue-
half  1lhe partial pressure of oxygen m the
lungs 15 less than half that at sea level, al-o at-
mospheric air becomes saturated with water
vapor at 37° € as 1t reaches the alveoli of the
lungs 1egardless of the barometile piessure
lTius 47 mm of pressui e must be deducted from
the 760 mm , giving us div au o the depih of
the lungs at a pressute of 713 mm  a reduction
ot about 6% at sea level  When the barometiic
pressuie 16 one-half normal {he diluting effect
of water vapor will be twice as great as at e
level  There 12 a reduction of oxs gen percent-
age from that in the atmosphere to that 1 the
alveolr (due 1o dilution by the restdual an of
the Tungs) of one-fourih o1 even one-thund We
have, therefole, al sex level m the alveoll an
oxygen percentage of 14 to 15, and an oxygen
pressure of 108 mm Hg on the average  The
paitial pressute of the oxygen of alveolar an
normully 15 greaier that tlat of the hlowl
stream resulting m a flow of oxygen fiom the
alveoly 1nto the blood where 1t 15 held 10 comn-
nation m the blood cells by means of hemo-
globin

Table 1 shows altitude m 1elation 1o the baio-
metiic pressure the partial pressure of oxygen
i the atmosphere the paitial pressure of oxy-

1Tn  the recent stiatosphere  experiments of Captoan
Stevens gampllng of the abmosphere Indieated thot the com
position ot the alr 1= prooiendy nnchunged up to an aleatude
of approxhmnlely 14 mllos



gen 1n the alveolar air, and the percentage of
oxygen avallable for the organism

TasLe 1
Equlvo
Bar- | o pree. | GaPres pades,
meirle anTe sare ln \a alp di
Alultude | pressira {mm alveolar Inted with
(mm He) alr (mm Na MWH
Hg) ] Tevel
Sea level 760 159 103 o b1 05
&, 000 602 128 ma 16 58
10, QDO 506 104 53 14 94
14, 000 444 ] 830 12 23
19 000 330 80 450 JURT]
22, 000 328 71 304 903
24, 00 283 53 0 8 o7
0, 000 290 47 I

The relationship between altitude, baromatiic
pressure and the percentage of oxygen available
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Figure 2 —Comparison between sltitude and oxygen
percent (Zuntz and U S Bureau of Standards)

for the orgamsm 18 shown 1n Table 2, both for

the standard atmosphere and at a constant tem-

perature of 15 Centigrade (data from U S

Bureau of Standards) A comparison between
240813 41—

TapLE 2

Relation of Altitude, Pressure, and Oxygen
U 3 Bureaun of Btandards Dats

J Temper-
Altltade ALY | prossre | “ature | SHndard
(fect) “C) (o, Hg ) mﬂgt%nt, phers
0 130 780 0 20 76 2075
1 000 130 7429 2 01 X 15
2, 000 1o 708 4 19 29 1p 88
3,000 g1 881 1 18 &0 1R 09
¢ 000 71 858 3 17 92 18 43
5, 000 51 A2 3 17 20 17 83
4, 000 31 80 0 14 a3 1d a3
T 000 11 5884 18.01 lg A2
B 00 —08 o604 4 15 41 1231
o, 000 -8 543 2 14 53 14 81
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14, 00O —18.7 411 8 11 24 12 63
17 (00 —1&87 3ea 10 79 12 22
18 000 -7 370 4 10 36 11 B2
18 000 —2 6 dgd 0 6 o4 11 43
20 000 -2 8 349 1 053 11 05
21, 000 —2.4 IH 7 014 10 &8
22 000 -2 6 420 8 R &8 10 32
Z 000 —3a0 6 07 4 R 30 o 97
24 000 —32 8 204 4 B.04 @ a3
28, 00 —H 5 281 B 770 9 8D
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30, 000 —44.4 25 8 6 16 776
3l 000 —40.4 210 & 6 08 743
92, 000 —44 4 206 B 6 82 T2
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the U S Bureau of Standards data and the
Zuntz data of the relationship between altitude
and oxygen percent 1s shown graphically m
Figure 2 At 14,000 feet, for example, where
the barometric pressure 13 490, the percentage
of oxygen avallable for the orgamsm at 15°
Centigrade 15 only 12 A nnmber of well-
known cities and mountam peaks have been
charted 1n Figare 3 m relation to the various
stations established by the Internntionnl High
Altitude Expedition to Chile (1985) (Cf 38,
44)

The original contention of Paul Bert (1878)
has been amply verified by subsequent research,
namely, that the important factor in high alti-
tude which causes the abnormal symptoms 1n
the organism 1s the dumnution, not 1 the me-
chamical o1 Zefel pressure, but in the dimmished
partiel pressure of the atmospheric oxygen and
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the consequent decicase 1 the alveolar oxygen
and oxy gen saturation of the arterial blood Iun
other words, he dermonstrated quite conclusisels
that the physiological action of oxygen and
other gases depends on their partial pressures
In a series of expernments on anmimals (chiefly
spurrows) (Figure 4), Bert proved that death
was due either to mncreased pressure of carbon
dioxide or to diminished pressure of oxygen
At ordinary pressure, and with ordinary an
enclosed m the vessel (Figure 4), death oc
curred when the oxygen percentage feil to about
35 or when the carbon dioxide reached 20
peicent At half the ordinary pressuie, 70
was the fatal oxygen percentage so that the
partial pressure of oxygen was the same, and
so on down to pressures of a third and even a
fourth of an atmosphere The cause of death
depended s1mply on whether 3 5 percent of an

atmosphere of oaygen o1 26 percent of an at-
mosphere of cabon dioxide was reached first
The mere mechanicnl piessure had no observ-
able influence DBert 1epeated these cxpen-
ments on himsell under less extieme conditions
and obtammed smular resalts T, {0 examnple,
he breathed excess oxygen fiom outside the
chamber through o tube (Figure 4), but vatied
the barometric o1 total pressure in the chamber,
lie remained normal uniil simulated altitudes
of 30,000 to 35,000 feet were 1eached These
findings have been sermfied on numerous occa-
sions by Haldane (28.\), Schueider (65). and
others, and it 15 generalls accepted that the 11l
effects of allitude are prumorily due to the di-
mimshed oxygen pressure

The above nterprefation of the cause of
mountain sickness was challenged by Mosso
(31) twenty yenrs later (1898), who maintanimed
that ns a physical consequence of the low at-
mospheric pressure more carbon dioxide was
nashed out of the blood 1 the Jungs (acapnia)
and that this was the most 1mportant canse of
mountain sickness  Subsequent tesenrch las
clearly established the fact, howeser, that the
excessiie loss of carbon dioxade which oceurs
at low atmospheric pressure 1s due to the -
c1eased breathing cauced by the lack of oxygen
Acapnia, therefore, although an important con-
tributing cause, 15 only a secondary result of
the lowered oxygen pressure Cf Haldane
(284) Hender<on (J40), and Schneider (34)

A number of experimenters have verified
Beit’s conclusions that even while breathimg
exce~sive quantities of oxygen life cannot be
mmntained much beyond 35006 feet altritude
Recently I Hill (33) has obsersed that even
while breathing 100 petcent oxygen loss of con-
scrousness occurs 1 men and monkeys when
the barometrie pressure falls to approxumately
115 mm Hg or 45,000 feet Marked motor n-
coordmation as judged by handwriting tests
und general physiological and psychologieal
deterioration begins m the neighborheood of
35 000 to 40,000 feet

In orde: to keep a person 1n an environment
sumilar to that at sea level while i flight at
high eltitude, as far as oxjgen 1s concerned
onhe need only 1nerease the percentage of oxygen
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Figure 4.—Experimental procedures for studying effects of high altitude.

in the inspired air, for the partial pressure of
oxygen is correspondingly increased. In other
words, to maintain a partial pressure of oxygen
in the inspired air equivalent to 159 mm. Hg

at the various altitudes, the percentage of oxy-
gen should be increased in the proportions in-
dicated in Table 3 and Figures 5 and 7. In
practice, while in flight at high altitude, these



percentages should be greatly increased -mce
no allowance for ventilation and wastnge has
been niade

Tapre 3

Althiude In relatbon Lo barometrl: pressore and percentage of 01 needed
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It 15 on this principle that the various types
of oxygen-supply appatatus need in altitude
fights are constructed By decieasing the per-
centage of oxygen (baromestric pressure bemng
unchanged) the paitinl pressure of oxygen 1%
decrensed  This 18 the method employed 1y the
tebreather or altitude classification test at sea
level  Omn the contrary, by increasmg the pel-

20

ALTITUDE IM THOUSANDS OF FEET
%

0

¢ 20 1) 80 80 108
PER CEMT OF OXYBEN
Figure 5 —Percent oxygen requred at the various
altitudes to mamntam 159 mm. Hg (Beyne and
Clarke)

centage of oxygen n the mspired air, the par
tial pressure 15 increased At 40,000 feet, for
example, the barometric pres-ure 1 148 mm Hg
and the partial pressure ot the oxygen of the at-
mospheric an 15 32 mm Hg—loo low, of course,
to sustain Iife  If by the use of an oxygen-
supply appaiatus the poicentage of oxygen in
the mspired air 15 increased from 21 percent to
approxunately 80 percent, then the partial pres-
sure of the oxygoen of the mnspired air would be
080148, or 118 4 mm Hg, a pressure capable
nf sustaining hife mdefimtely

ITT Deseription of the Various Methoda Used n
Studying the Effects of Oxygen Want (Anoxia)

A great deal of the confusion which exsts
relatrie to the effects of oxygen deprivation 1s
probably due to the mnteirpretation of data ob-
tained with different experimental procedures
The results may vary, therefore, not because of
the different effects of the oxvgen want pro-
duced by reducing the total pressure as con-
trasted with the partial pressute, but due to
differences m the length of exposure, 1 e,
whether the various mechanisms of acclimati-
zation have had a chance to take place Also,
i experiments of short duration the subject
may be able to compensate by exerting greater
effort Before attempting to state the extent
to which data obtamed by the various methods
are comparable, a brief deseription ot the essen-
tial features of cach will be discussed

1 Moundasn expeditions —The most satisfac-
tory way of studyimng the effects of oxygen want
over any extended period of time 1s to arrange
to live at igh altitudes 1n mountamous regions,
as 1 the Alps or the Andes Piowided expo-
sure to cold, excessive fatigue from climbig,
ete, can be controlled, the mechamsms of ac-
climatization 1elating to the decreased oxygen
pressurs can be obselved with great precision
Following the mitial peiriod of mountain sick-
ness one becomes adjusted to the lack ot oxygen
and remamns fairly comfortable while at 1est
The highest altitudes to which man can become
permanently acchimatized appear to be 1n the
neighborheod of 18,00 feet as observed m

27 lie word anoXla ls preferable to anoxemln becnuse the
latter texm refira to oxygon lack In the blpod alone (B2)



1o -
SrrroLic
100
—_ =~ =
70-
go
721
A
6o -
/ DidrroLte - ”
- ~
i HeEMoOOLDBY ”
N s == - —_—— »
o - \/ ~
So4 ¥ 7
/ Hed
/
}{ AiVESL AR O3
$0
diveoia Coy
”.
/
!
/
20 T 1 i L [ 1 i
e o F L] <0 ET £0 F ac

Figure 6 —Altitude tolerance test n low-pressure chamber (Air Service Medical)

the mming communities of South America
(44)

2 The low-pressure chamber —In the low-
pressure chamber both the pressure of the air
and the concentration of oxygen can be altered
so that the atmospheric conditions existing at
high altitude can be simulated precisely at sea
level By means of a vacuum pump, the fofal
pressure can be reduced corresponding to the
precise atmospheric conditions at high altitude

Tf the percentage of oxygen 1s kept constant, the
amount of oxygen available for the orgamsm
will dectease mn the same fashion as m an aero-
plane chmb A valve system automatically
regulates amr intake and admits a stream of
fresh arr to the chamber In simulating ascent
the mir 15 pumped out faster than 1t 18 allowed
to enter, and 1n simulating descent, the pumnp
1s turned off and air 15 admitted at any desired
rate  Any altitude may be mainteined as long
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Figure 7—Rebreathing experiment on pilot out of
trammng (Air Service Medical)

as desnied  From the point of 1iew of repro-
ducing precsely the atmosphelie conditions
encountered during an aeioplane ascent, this
procedure probably 1s Lhe most satisfactory
These chambels are not smmple to operate effi-
ciently, paiticularly 1f 1t 15 desired to regulate
net only the ventilation but temperature and
humidity also  One of the low-pressure cham-
bers used 1n testing prlots for altitude tolerance
during the World War at Mineola, Long Island.
1s shown 1n Figure 4  The results of a typical
experiment m this chamber ot 18 000 feet are
shown m Figure 6 Cf Air Service Medical
(65)

3 The low-ozygen chomber —In low-oxygen
chambers the supply of oxygen, or the partial
pressure, 1s diminished bv diluting an with
nitrogen, leaving the total pressure the same as
in the normal atmosphere at sea level The
oxygen pressute can be 1educed at the desired
1ate by runmng m mtrogen from a ot linder
through a flow meter simulating the 1eduction
In oxygen pressure durmng a flight to high alti-
tude A motor blower nuit may be used to
circulate the axr - The temperature and humid-
1tv may be controlled by blowing the contenta

of the chawber aver 1ce so as to cool and diy
the air, or preferably an ai-vondifionmg unil
may be mstalled so as to contiol automatically
these variables The accumulation of carbon
dw=ide 1s prevented by plioang ~oda Lime 1n the
wir cireuit A low-oxygen cliamber sunplibed
1 design and operation by Barach (4) 1s shown
in Figure 4 This type of chamber 1s fre-
quently used 1 climeal medicime in syndromes
mvolving nnoxia such as pneunonia, emphy-
sema or cardiac disorders  The percent of oxy-
gen 1n the mapired air 13 inereased from 21 to
40-50 percent They arc easy to operate, and
are quite spacions and comfortable for exper:-
mental purposes The expense 13 considerable,
however, due to the supplies of mitrogen and
oxygen which are pecessary to mamntam the de-
sired experimental conditions  In this exper:-
ment, most of the {ests were carried out m a
chamber similar to the one shown 1n Figure 4

4 The rebreathing apparatus —This method
mtolves the uss of a rebreathing machine such
as the one devised by Henderson and Pierce
(1) for testing the tolerance of awviators fm
high altitude flying during the World War
A photograph of this apparatus 1s shonn in Fig-
urc 4  YWith this procedure Lhe subject breathes
over and over agnin the same air with the car-
bon dioxide abeorbed by <oda lime The oxy-
gen 1s gradually absorbed by the subject, and
1t 15 thereby reduced from 21 to 6 or 7 percent
The average subject usually reaches the limit
of his capacity to withstand the effects of oxy-
ren deprivation 1n 20 to 25 minutes The time
at which various changes oceur n respiration,
pulse, and blood pressure 1s noted The results
from two typieal experiments with this appara-
tus ere shown 1n Figure 7 (subject 1n poor physi-
cal condition) and Figure 8 (subject exceptron-
ally fit} By analyzing the air in the tank at
the end of the run, the altitude which the sub-
ject 1s supposedly able to stand 15 determined
A series of psjchologieal tests given during the
experiment on the rebreather involve (1)
cholce reaction times to a series of lights, (2)
control of the speed of a motor with the foot
from auditory cues, and (8) the 1egulation of
an ammeter from visual cues  Since all three
of these tests are upplied throughout the ex-
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Figure 8 —Rebreathing experiment on exceptionally
fit pilot (Air Service Medical)

periment, signs of deterioration usually show
up in one or more of the tests The chief eriti-
cism of this procedure 1s that the experiment
takes place too rapidly, and the subject, by ex-
erting great effort, may be able to withstand
the effects of the acute oxygen want for short
periods of tmme until the final stages of detero-
1ation  These experuments probably were sue-
cessful 1n elimmating physically unfit pilots,
but a false 1mpression was given as to the alti-
tudes at which aviators could remain for any
length of time and mantain their physical and
mental capacities  Flack (19) devised a some-
what smailar apparatus for testing pilots 1
the Royal Air Force This same principle of
gradually absorbing the oxygen avaitlable and
thus constantly reducing 1ts percentage 1s
widely used 1n physiological research on «pe-
ciahized aspects of anoxia The hindrance in-
iolved to the subject from the rebreathing ap-
paratus, mouthpiece, ete, 15 disadvantageous
for experiments involving psychological tests
More recently, Christensen end Krogh (15)
have recommended for testing pilots the use
of a rebreather of 200 liters’ capacity and con-
taiming 13 percent oxygen at the begmmning of
the expermment Since 1t takes 7 or 8 mmutes
to lower the oxygen percentage by 1 percent

with this procedure, from 30 to 40 minutes elapse
before the oxygen 15 reduced to 76 percent,
where collapse may be anticipated 1n the aver-
age subject The reduction of oxygen pressure
15, therefore, more gradual, making 1t posSible
to observe the reactions of the subjects over
longer periods of time

5 The Douglas bag procedure 18 a fairly satis-
factory method for studying specialized aspects
of anoxia during short durations 1n the labora-
tory The oxygen concentration can he deter-
mined for any desired percentage by running
compressed air and nitrogen 1nto the bag
through a gas meter If a 1,000 liter Douglas
breathing bag 1s used, the supply may be suffi-
cient to last for two hours with the concentra-
tion remaining the same throughout the experi-
ment The subject, with the nose clipped,
brenthes the oxygen mixtures from the bag into
the room through a mouthpiece It 13 dfficult,
however, to simulate the gradual reduction of
oxygen pressure experienced during fhghts to
high eltitude by this method, and the mouth-
plece tends to distract the inexperienced subject
in talking psychological tests

6 Flhghis to hagh alfviude by aeroplane or
balloon —The early balloon ascents by the
meteorclogist, Glaisher (25), and the balloonist
Coxwell (1862), and the French scientists Croce-
Spinell, Sivel and Tissandier (1875), friends of
Paul Bert, first called attention to the striking
sy mptoms of dimmished oxygen piessure on the
human mnd and body (Figure 4) Althongh
their accounts of the effecta of altitude were
based on subjective reports, subsequent research
under more controlled conditions has verified
their general observations relating to sensory
and mental impairment This method 18 obwi-
ously impractical for scientific research relating
to the human problems of modern air trans-
portation

The most direct attack upon the physiological
and psychological effects of altitude 1n commer-
cial air trensportation would be to carry out ex-
permments under actual flight conditions DBy
such a procedure the conditiona could be con-
trolled relating to rate of ascent, height attained,
length of exposure, etc  The chtef obstacle to
such experiments, 1f they were to be carmed out



with lmge numbers of subjects over prolonged
periods of tume, would be the expense of mam-
tammmgr and operating one of the most 1ecent
and best equipped planes used mn commelcial
aviation Tf planes of the most recent design
and eonstiuction were not used, the vibration
noiee, lack of space and other distractions pos-
s1blx would give rise to as much impanment 1
the psichological and certain of the phy-inlam-
tal mea<nrements at moderate altitudes as would
(he lowered oxygen pressure Chamber studie=
at sea level me desirable 3f one wishes to sepa-
1ate the 1elative effects of oxygen deprivation
fiom (he effects of many of the other variables
of flymg sueh as vibration emotional excite-
ment, sudden movements of the plane, etc  Ex-
permments at sea level, howevel, cannot be en-
tirely substituted for ones under actual flying
conditions at hagh altitude It 19 impoitant to
determine, for example, among many other
thimgs, whether the emotional excitement and
various mechamsms of acchmatization tend to
facilitate or handicap the average person’s 1e-
action to diminished oxygen pressure whale m
flight

1V Are the Results From These Various Methods

Comparable?

In attempting to analyze the effects of oxj gen
want on passenger< while 1n flight on commer -
c1al mir trapsporl planes, 1t 1s mmportant to de-
termie how much of the experimentation can
be carried out i low oxygen and low pressute
chambe1s at sea level and how much must be
cartied out wlile m the air  The following ten-
tative conclusions based upon the data thus fa1
available may be stated

1 The original contention of Paul Bert, vet1-
fied by such authorities as Haldane (28A), Bar-
croft (2A),Y Henderson (32), Schoeider (65)
and more recently, by an extensive seres of ex-
perments m Germany (11), nppears to be well
founded , namely that the 1mportant effects of
lugh altitude result from the dumnished partial
pressuie of oxygen If one 18 interested pri-
mariy 1n the effects of dimimished oxygen pres-
sure at high althitude for a given nltitnde rate
of a=cent and length of exposure, Lhe eswentinl
conditions can be reproduced by reducing the
total (baiometric) pressure (pressure chamber)
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or by reducing the partial piessuie or percent-
age of oxygen by diluting air with nit1ogen (low
oxygen chamber and Douglas bag)

2 The psychological effect< 1 e, sensory, mo-
tor and mental deterioration, have been pract-
cally the same with all of the imetlhods mentioned
above when rate of ascent and length of ex-
posure hase been held constant  Thag alzo as-
cumes that the subjects liave not been seniously
impeded hy face masks, mouthpieces, ete The
regilts of the rebreathing experiments during
the World War are not compaiable and yoply
a false (too lugh) caling, «ince the subject
tended to overcome the effects of oxygen want
for short periods of time by exerting greater
effort  The data from chamber studies are more
comparable «inie adequate contrnls can be Tun
and the subject 15 unhampered by monthpieces,
ote

8 A number of authors have <uggested re-
cently that there are certain differences i the
physiological responses to changes i the total
pressure (low preasure chamber) as contrasted
with the partial pressure {low oxygen or nitro-
gen dilution experiments)  Kaiser (36) helieves
that under the latter conditions (a) the circu-
latory responses are different, (b} one does not
builld up a tolerance for anoxia hy repeated
exposures (c) the after-effects n1e more <erions,
lasting for a number of davs or weeks, {d) the
loss of consciousness precedes severe eramps,
while during a change 1n total pressuie the re-
verse order follows, and (¢) n caleulating the
partial pressure of oxygen and corresponding
altitudes that a subject can tolerate, the alti-
tndes are at least two kilometers hugher than
that which actually can be reached at tugh alti-
tiude It shounld be kept in mind that Kaiser’s
cxperiments were carried out at the extremes
or critical levels of oxygen want These differ-
ences, 1 true, are probably of less significance
at more tnoderate allitudes, 1 e, 8,000 to 18,000
feet

Another physiological difference 1n the 1e-
sponse to a decreased barometrie pressure which
might not be present 1n nitrogen-dilution ex-
perimer!s has been brought forward by Mateeff
(43) He has suggested that the decreass 1n
barometric pressure tends to expand the entire



vascular bed, thereby reducing the pressure on
the circulatory system  Tf the vascular system
within the obdominal cavity expands owing to
the general elasticity of the area, part of the
effective pressure mn the heart will be lost to
other more rigidly confined vaseular areas, the
brain particularly suffering by the disturbed
distribution of blood  Since the eirculatory re-
sponses to moderate altitudes are not extreme,
this can hardly be of great sigmficance during
short exposures of several hours’ duration
Furthermore, the vascular area 1s filled with a
hquid that cannot expand at & constant pres-
sure , hence, there could be no change 1n the vas-
cular area without a change m volume of the
circulatmg blood This has not been demon-
strated 1 man, except possibly after long ac-
chmatization The expansion of gases m the
abdomen and the possible 1mpairment of the di-
gestive processes under conditions of low baro-
metric pressure as contrasted to changes in
partial pressure alone may be of some sigmfi-
cance, especially 1f gas-formmg foods have been
mgested previous to the experiments

It 13 also possible that the changes m inter-
cramal pressure are different under lowered
barometiric pressure as contrasted with nitrogen-
dilution experiments Armstrong, for exam-
ple (personal communication}, has reported
marked changes i mtracranial pressure in
goats under lowered barcmetric pressure at
very high altitudes The needle was placed 1in
the cisterna magna The alterations were first
observable a1ound 16,000 feet, while the imncrease
was 400 percent at 25,000 feet The admimnis-
tration of 100 percent oxygen had no effect m
decreasing the pressure However, 1t 15 not
desirable to make direct applications from the
results obtained on animal subjects to human
subjects Also, 1t 15 well known from the studies
of Schmudt (58, 59), Lennox (38), Gibbs
(23), and others (24) (16) that oxygen want
under any condition gives rise to cerebral vaso-
dilatation and mnereased blood flow, which could
calse an increase 1n intracramal pressure In
general although certain physiological differ-
ences may occur In experiments involving

changes 1n the total pressure as contrasted with
249813412
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those of nitrogen dilution alone, the differences
appear to be of minor significance at moderate
altitudes

4, The most important variable which ap-
pears to have given rise to markedly different
reactions at similar reduced oxygen pressures
relates to rate of ascent and length of exposure,
or the length of time during which the oxygen
pressure has been lowered and maintained at
8 congtant level As indicated above, the re-
breatlung experuments during the World War
gave rise to the impression that altitudes of ap-
proximately 18,000 fect could be tolerated
without oxygen because no serious 1mpalirment
was manifested 1n many of the subjects until
Just previous to collapse at very high altitudes
The results from chamber studies over longer
periods of time, where the subjects are unaware
of the changes 1n the oxigen pressure and do
not compensate by exerting greater effort, have
indicated considerably lower altitudes in order
to remain within margmns of safety

Marked differences also appear to be present
i comparmg the effects of altitude when at-
tained by flight 1n an aeroplane as contrasted
with a motor car or ratlroad tram The wind-
g ralroad track or motor road of the average
mountaln route, as contrasted with the aero-
plane m smooth arr (also the absence of con-
tinual disturbances of the visnal fields), may
partially account for the fact that one rarely
sees typical mountain sickness 1m an aeroplane
at altitudes where 1t may be first observed on
mountain rallways

To the question, Can the data obtained at sea
level be applied to the effects encountered while
o, fhight at hugh altitude?, 1t may be answered
that the results obtamed thus for seem to 1ndi-
cate that for corresponding rates of ascent and
lengths of exposure the physiological and psy-
chological effects are quite comparable, whether
the oxygen deprivation 1s brought about by
reducing the total pressure or by mtrogen dilu-
tion In fact, as indicated above, there are cer-
toin advantages to be obtamed from chamber
studies at sea level, 1n that the effects of oxygen
want alone can be separated from the effects of
vibration, noise, emotional excitement, and



1tough ait - However expeiunents at sea level
cannot be entuely substituted for those caried
out while m the an because some subjects mn
mmproie due to acclunatization while otheir
may deteriorate due to the emotional respomn-c
to the more 1ealislic setting

¥V Important Vanables of High Altitude in Aviation

T'he response of the aviiage passenger o a
cominet cia] anr transport plane to the lowered
oxygen pressure encountered wlnle i {Light
may be mfluenced by a large number of amypor-
tant variables  Since these various faclors are
of such greal importance 1n undetstanding the
phvsiological and psychological changes assoc-
ated with successful acclimatizotion, a number
ot the more 1mportant ones are hsted below
In the experiment which will be reported later,
the rate of ascent in relation o the altitudes
where the effects are first manifested and where
the effects appear to become marked (1 e, be-
tween 10000 feet and 20000 feet) has Dbeen
stnckied 1n a Jarge group of subjects varyimg m
age and physical fitness

1 Hewght attained —At what altitude 1- the
avcrage passenger firsy affected physiologically
and psychologically? Whete are the effects
marked and at what aliatude are the effects
dangerous?

2 Itate of ascent—What 1ate of ascent 1s
most adyaniageous so that mechamiems of ac-
climatization can be brought into action n the
average passengel ¢ For example, 15 1t possible
to take passengers to 12,000 feet 1n 1 honr and
15 minutes without scrious distress, while 1n 15
minutes sertous mmpalrment 15 manifested?
What are the effects of sudden loss of pressmo
or a very rapid rate of descent, other than on
the maddle ear?

3 Length of exposure -——At what altitude can
one become comfortably acclimatized so that no
il effects are mamifested fellowing the expo-
sure, and at what altitude does definite deterzo-
ratton set 1n afler a certain number of hours,
even though an 1nitial adaptation appears to be
taking place? For example, even though the
average passenger 18 able to adjust to 10,000
feet or 12,000 fect for 3 to 4 hours, does he show
definite 111 effects after 6 to 8 hionrs?
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4 Aniount of physweal cxe:sfion—Al what
altitude does a stewardess, a pilot or a camera-
man manifest syimptoms of 1noxemia, as con-
trasted to the passenger wlo sits quietly during
a fhght?

Y Roughness of the i wid movements of
the plane —In what way o1 ways does 1ough
an accentuate the effects of lowered oxygen
pessure, or does ‘ansichuess Dbecome more
acute when combined with the ettects of anoxm
at hugh altitude?

6 The physical charactemsties of the wde-
widual —Smee one of the most stuiking features
of the responte of a group of passengers to
high altitude 15 the great diversity of 1eactions,
what are the most wignificant factors? In a
group of 200 subjects for example, <everal may
collapse at 10000 or 12,000 feet, wlule others
may not collapse until 24,000 feet 15 reached
What sort ot distribution curve could be con-
structed so as to establich safe altitwdes ot oper -
ation for the entire flymg population’ A num-
ber ol 1mportant vai1ables whicli relate 1o the
physical characteristies of the mdividual
lesponding to high altitude appenr {0 he

(a) Age——chronological age contrasted with
physiologieal age,

(b} Tolerance due to repeated flights,

{e) Amount of regular exercise cach day o
week,

{d) Degree of fatigue previous to fhght,,

{e) Number of hours ot sleep the previou-
night,

(f) The kinds of food ingested,

{g) Ihe amount of alcohol or naicotics pie-
vious 1o the thght,

(h) Emotional adaptation, freedom from
worry, mental conflicts ete

(1) Degree of relaxation o1 the 1everse, 1 e
muscular tension

(1) Clinical anomulies, such as cardiac dis-
order, anemia, asthma, malaria, meiabolic dis-
turbances, 1uberculosis, ete
¥I The Physiwological Responses of the Orgamsm to

Lack of Oxygen and Excess Carbon Dioxide

There 15 no storage of oxygen in the body, un-
Iike many other cheinteal substances necessary
to mamtam life, such as carbohydrate In
emergencies of oxygen want, the 1elease of red



cells (oxygen carriers) by the spleen and bone
marrow may be considered as a storehouse 1n a
hmited sense In man the blood 1s really the
only storehouse for oxygen, and its capacity 18
very hmited Hence the body Iives a hand-to-
mouth existence with respect to 1ts oxygen sup-
ply When the available supply of oxygen 1s
shut off, theie 15 loss of consciousness within a
minute or two Many physiclogists estimate
that the deterioration of the cortical tissue due
to oxygen lack 13 so profound that recovery 1s
1mpos«-ible after 5 to 8 mmutes The lower cen-
ters of the braim and the spinal cord may survive
after one-half hour or more of oxygen depriva-
tion The efficiency of one’s body 1s dependent,
upon the constancy of the internal environ-
ment, 1 e, the regulation of temperature, water,
oxygen, the hydrogen-ion concentration. ete
Since man’s higher ne1 vous faculties developed
due to the constancy of these organic processes,
an extreme variation 11 any ohe of them, par-
ticularly the oxygen percentage, will produce
strikang effects on the nervous system and other
tissues of the body The seat of oxidation 15 the
living cell and the quantity of oxygen taken up
by the cells 15 conditioned primarily by the
degres of activity of the organism

The use of breathing, of course, 1s to ebtam
supplies of oxygen for the tigsues and to get id
of the carbon dioxide, thereby mamtaimmg the
proper balance of gases in the blood  The airm
the alveoli 18 brought into proxmmity with the
lung capillaries, thus providmg for the exchange
of pases between the blood and the air Theie
15 a reduction of oxygen 1n the alveoh (lungs)
to an average of 14 percent, due to dilution by
the residual air in the lungs  The average com-
position of carbon dioxide 1n the alveoli 15 53
percent The venous blood which comes to the
lungs gives off carbon dioxide and takes up
oxygen until 1t comes into equilibrium with tha
air of the alveoli  On account of the pressure of
oxygen 1n the alveoli being greater than that n
the blood oxygen 1= absorbed mto the blood by
diffusion  Shght alterations 1n the alveolar
carbon dioxide pressure cause great changes
breathing In the case of exercige, for example,
more 0xygen 15 absorbed by the tissues and a
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greater amount of carbon dioxide 1s given off
Incrensed breathmg takes place unmediately so
as to wash out the excess carbon dioxide and
restore the equilibrium Table 4 shows the
average amount of carbon dioxide produced per
person during the various conditions of activity
(69)
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Durmg vigorous exercise the demand for ex-
tra oxygen by the tissues 15 met by a number
of important physiological changes, the chiet
ones bemng (1) a very great merease 1n lung
ventilation, (2) a large increase 1n the output
of the heart per minute, (3) a rise in the arte-
r1al pressure so that the blood flows 1in greater
volume per minute through the expanded capil-
laries of the region where activity requuies a
greater oXygen supply, (4) heightened rate of
diftusion or exchange of gases in the capillaries
of the lungs and of the contracting muscles, and
(5) a shght merease 1n number of the red cor-
puscles Thus the rate of breathing will vary
{1) 1n proportion to the degree of activity of
the body,1 e . the metabolic rate, and (2) with
the reaction of the blood, 1 e, s0 as to mawmtain
the appropriate oxygen tension 1n the blood

Breathing appears to be controlled automat:-
cally by the respiratory center, a small area lo-
cated in the medulla oblongata at the base of
the brain  If this center 1s destroyed, nll rhyth-
mical respiratory movements cease, or, 1T these
cells are totally deprived of oxygen within 8
to 10 minutes, the destructive changes are so
great that they dc not recover The mtimate
connection between the nervous and chemical
control of breathing s shown by the activity
of the respiratory center, since its functiomng
depends, among other things, upon the com-
position of the gases in the blood circulating



thiough 11 * Duning anoxla with a decieased
pereentage ot available oxygen or during ex-
ercise with an mereased percentage of carbon
dioaude, the atternal blood visits, among other
places, the 1e~piratory center, the carotid s
and carotid body (It has been shown that the
carotid body 1< especially sensitive to asphiial
or anoxemic blood ') The excess carbon diovide
acts 0~ a stimulus, and the cells dischaige moie
nerve 1mpulses to the muscles of 1espiration
so that then nclion 1= more vigorous  Thus the
mereased ventilation of the lungs pumps out
the extra cathon dioxade until the proper bal-
ance 15 agan reached  The heart rate, which
also mic1eases, exposes the blood more often
n given length of tume to the alveolar an

Thus mo1e oxygen 15 supphed to the dehiciency
of the 1tespitatory, cardiac, and vasomotor cen-
ters of the medulla (69)

The extraoidinary sen=itiveness of the respn
alory cenfer can e demonstiated by the facr
that an mcreasc of only 022 peicent carbon
dioxide 1n the alveolar air will cause the ventila-
tiou of the lungs to be mcreased 100 percent
Excews carbon dioxide 1 the mepired ann beyvond
the noimal 004 percent has noticeable effects
since the mse 1 alveolm catbon dioxide Innders
elunmation of the excess carbon dioxide  There
15 et eased breathing with full and rapid pul-e
with 4 percent carbon dioxide, and compensa-
Lron 1~ ¢t1ll mote dathenlt with a further ri-e, at
6 percent, hendnche and mental confusion de-
velop  Toxwe effects appear with higher per-
centages the heart ~lows consciousness 1s lost,
the breathing becomes fechle and finally ceases
Kxpermmental work indicates that the varia-
tiomng 1 ordinary breathing are due to an m-
aeased production of carbon dioxide For ex-
nmple, when the carbon dioxade percentage of
the mspied air was mereased the lung ventila-
tiom increased 1915 shown m Table 5 (69)

The amount of oxyvgen which can be cartied
by the blood 15 dependent upon the quantuty of

3 Mor an authoritative account of the reegulation of 1espiza
tion by the blood grscs of L. J Henderson DBlood A\ Study
In Genernl Phyvelology Yale Univeraity I'reds New Haven
1928 and B Gesell The Chemleal Hegulntlon of Bespiratlon
Plhysol Rey 35 051 1925

tHermana € Bouckaat T J
curotidien Dol Pards, 193,

ot Repnlers I' Le Sinug
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hemoglobm located i the red celle  Inats ordi-
nary form, oryhemoglobm 1s a biight red color
and contains oxygen which 1t rendily parts with
1 the tassuec It then becomes reduced hemo-
globin, which 15 of a purplich color and which
m tuin absobs oxygen from the aw n the
alveoll  "Lhe arterinl blood m noimal subjects
at sea level contains from 94 to 96 peicent of 1ts
hemoglobm m the ox)genated foim and only
4 to 6 percent 1 the reduced form *

Tlie amount of oxygen taken up by the blood
depends upon the partial pressure of oxygen 1n
the alveclar air, the temperatuie of the blood,
the concentration ot salts in the blood, and the
hy drogen-1on concentiation of salts in the blood
(carbon dioxide tension) Durmg rest the
whole blood volume passes through the lungs
about once per minute, and 1t may pass as often
as ten times during exerclse  When the arte-
11al blood 1s 1mperfectly saturated the condi-
tion which develops 1s called aroremiz Tt 1s
mdicated by the blmsh color of the sk and
lips (eyanos:s)

YII The Physical and Psychological Responges of the
Organiem While in Flight at High Altitude

The most 1mportant physiological changes
associated with the diminiched barometiie pres-
sure at lngh altitude (Figure 9) are as follows
(a) stunulation of the respiratoly center and an
merease n the pulmonary ventilation, (h) a
deciease 1 the alveolar oxygen and carbon di-
oxide tensions (Figure 9, also IFigute 10 {from
Haldane (28A) and Figure 11 from Schneider
(65)) (c) dilatation of the alveoh favering a
more efficient respiratory eachonge {d) an 1n1-

tFor authoritative divcusslons of hemoglobln nnd oxygen
[n relation to high altitude ¢f Teters T T ond Yun Slyke
D D Quantitative Clinical Chemaetre (Chapter 12) W2
Tiams & Wilklns Daltimeie 1931 and Dill D B Life, Heat
onid Altitude Harvard Universitv Press Cambildge 1038
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Figure 9 —Barometric pressure 1n relation to alveolar O, and C0O. and oxygen saturation of arterial blood
(Chilean Expedition, 1935)

tial 1ncrease 1n the heart rate and blood pres-
sure and an Increase in cardiac output, fol-
lowed by a gradual return to normal while at.
1est, (e) an 1ncrease mn the amount of hemo-
globin m the circulation (¢f Figure 12 from
Haldane (28A)), (f) a decrease 1n the arterial
oxygen saturation associated with the fall in
alveolar oxygen tension (Figure 9), and (g)
changes 1n the acid-base equiltbrium—the 1m-
tial effect being one of alkkaloss associated with
the excess ehmunation of carbon droxide  Sud-
den and extreme anoxerma depresses the activ-
ity of the respiratory center so that a delayed
effect may be the retention of carbon dioxide
and consequently an acid reaction 1n the blood
{ef McFarland (44))

The psychological changes follow closely the
rapidity and severity of the physiological al-
terations mn the orgamism If anoxemia 18 pro-
duced suddenly, as during an aercoplane ascent,
the most strikang effects are on the central nerv-
ous system The psychological impairment 1s
nsidious and often completely unobserved sub-
jectively When the barometric pressure 1s re-
duced one-third, 1 e, to 480 mm Hg, at
approximately 12500 feet, the psychological
changes are objectively measurable by tests

(45) A review of the hiterature mdicates that
the average unacclunatized subject during short
exposures manmfests only slight 1mpairment at
12,000 feet and deteriorates rapidly at 15.000 to
16,000 feet In a recent high-altitude expedi-
tion to the Andes, sgmficant psychological
changes 1 acchimatized subjects were not ob-
served until 15,500 and 17,500 feet altitude
(44), where the oxygen saturation of the arte-
rial blood 1n ten subjects averaged 80 pereent
and 76 percent, respectively (cf Figure 9) (17)
Previous studies deahng with the effects of
high altitude while 1n fhight have been chiefly
concerned with the physiological changes dur-
g rapid ascents, 1 ¢ within fifteen to twenty
minutes, to critical altitudes varymg from
15,000 to 25,000 feet Schneider and Clarke
(56) made observations on the changes in the
alveolar oxygen and carbon dioxide during
raprd ascents to 15000 feet Schnell (57),
Beyne (7)., Fromwus (21}, and Schubert ({60)
have carrmed out experiments dealing primarily
with the circulation, respiration, alveolar air,
and metabolism during aeroplane ascents
withm one-half an hour to 18,000 to 20,000 feet
On trans-Andean flights of approxmmately one-
half hour’s duration to 14,000 and 16,500 feet,
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Figure 10 —Atmospherie pregsure 1n relation to alveolar 0, and CO, (Haldane)

McFarland (44) made observations of the sen-
sory and mental functions as well as the alven-
lar air and airculation  The<e authors all em-
phasize the psichie nelrous myolvement and
the mmpanment of zensors functions above

14000 to 16,000 feet In rapud ascents as hugh
as 26,500 feet wilh pilots, Baertschi (5) ob-
served that feelings of cuphoiia were notice-
able up to 16500 feet Beyond thel height
wealmess and apathv were noticeable, and, 1
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Figure 11 —Average alveolar CO. and O, tensions at
simulated altitudes (Schneider et al)

addition, there were disturbances of attention,
of volition, and of the special senses, nccom-
pamed by marked sleeptness and fatigabihity

A number of experiments on airmen have
mdicated that repeated flights to high altitude
facihitate acchmatization as manifested by a
greater aceelerntion n the pulmonary ventila-
tion (20), and mncrease 1n the red cells and
hemoglobmn (37}, and a higher alveolar oxygen
partial pressure  Fromus (21) found that daily
flights have the same effect as a prolonged stay
n the mountains and that progressively higher
altitudes could be tolerated In comparing a
group of pilots who could tolerate very high
altitudes with those who could not Christensen
and Krogh (15) found that the good ones
showed a greater pulmonary ventilation, a dis-
tinetly lower partial pressure of carbon dioxide,
and a higher partial pressure of oxygen Thus
there 1s some evidence that pilots become par-
tially accltmatized through repeated flights to
high altitude. particularly those who show an
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Figure 12 —Average hemoglobin percentages 1n per-
sons living permanently at different altitudes (Fitz-
Gerald)

mitial favorable response No extensive studies
have been made of the effects of hugh altitude
on large numbers of passengers at comparahble
altitudes to those attained 1n commereial air
transportation

Part II —EXPERIMENTAL STUDIES

I Statement of Problem

Asnduated previously, this report attempts
to analyze the effects of flymg at high altitude
on the average unacelimatized passenger under
present flight conditions on commercial air
transport planes Interest has centered 1n
studying large groups of subjects, varyimng mn
physical fitness and 1 age (from 18 to 72 years)
at different rates of ascent and lengths of ex-
posure to altitudes of 10,000 to 18,000 feet An
attempt has been made, therefore, to determine
the altitudes where the physiological effects are
extensive enough to bring about an 1mpair-
ment 1n the average passenger’s psychologi-
cal reactions and feeling of well-being, aa
well as the altitudes which appear to be
defimitely dangerous In addition, an attempt



has been made to determine the 1mportance of
rate of ascent 1elatine to the spectfic nltitndes
studied TFor example 15 the average pelcon
significantly impaired at 10,000 or 12,000 fect?
If he 13 affected p~vcholopically or in teims
of discomfort by a rapid ascent 1o 12 000 {ect
m 15 miutes, will he ba able te make a lLetrer
adjustrent,1 e, remain mentally alert and com-
fortable, 1f that altitude 1s attained during 1
hovur and 15 minutes? Are 2 ot 3 hours at
12,000 to 14,000 feet positively dangerous to
the average passenger’s genetal physical well-
being after that altitude has been once attamned ?

II General OQuihne of the Investigation

The entie research program may be divided
mto =1x paris and the various experiments will
be discussed n the following order Parts I (o
IV, inclusive were sponsored by the Bureau of
Air Commerce

1 This experiment was carried out mn the
Apphed Laboratory of the Department of IPsy-
chology at Columbia University  Over 200 sub-
jects were studied at various simulated altitudes
and at two rates of ascent os shown in Table 7
m a low-oxygen chamber The tests included
continuous records of pulce and blood pressure,
alveolar oxygen and carbon dioxides, and a se-
11es of six peychological tests involving motol
senso1v, and mental funcitons

2 The second part of the mvestigation was
concerned with the pioblem of age 1 relation
to ability to tolerate oxygen deprivation or al-
titude ‘'There were three groups of subjects
drided mnto the following age groups 17-30
years 3045 vears, and 4572 years In tlus
study the teslts mentioned 1 Part T above were
gven following a rapid ascent to a simulated
altitude of 14 000 feet 1 the low-oxygen cham-
ber at Columbia University

3 The third aspect of the study was concerned
with the question of physical fitness in relation
to abiity to tolerate high altitude In this
part of the investigation a group of Columbia
college students 1n good physical condition wete
compared with those in poor health but with-
out definite organic 1llness The testing pro-
cedure was similar to the one described above
In addition, 30 control or “normal” subjects and
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35 psychoneurotic patients from Vanderhlt
Clmie without organic 1llness but with objec-
tive signs of “chrome exhaostion and fatigue”
wers tested twice, once under contiol conditions,
1 e, normal an, and once following a rapad as-
cent to a simulated altitude of 18,000 feet 1n the
low-oxygen chamber at Columtia University
In tlus part of the mmvestigation samples of
blood were taken at the beginming and at the
end of each =cssion 1in addition to the Schneider
Index and psychologieal tests

4 In cooperation with the late H "I Ed-
wards of the Harvard Fatigne Laboratory, a
series of tests were made on four subjects 1o the
low-oxygen chamber at Columbia Umnisersity,
with and withont 3 0 percent carbon dioxide
the ingpired a1t A sertes of physiological and
psychologienl tests, as well as analysex of {he
blood gases, were made on each subject i an
attempt to deletmimne the vailue of excess carbon
dioxide 1n connteracting the effec ts of the oxygen
want encountered at high altrtude

5 In cooperation with Dr D B Ihll and
M: H T Edwards a number of experiments
were calried out during the past year in the
Tow-oxygen 1oom at the Harvard Fatigue
Laboratory, Boston, and m the low-pressure
thamber at Wright Field, Dayton, Ohio  The
1esnlts of these studies, especially the psyeho-
logical data will be reviewed briefly so as to
compare the dala obtaimed at simtlar altitudes
under different experimental procedures of re-
dneing the oxygen pressuie  The studies will
bo reported separately by D1 D B Dill et al
smee they were sponsored hy the Fatigue Laho-
ratory independent of the grant from the Bu-
reau of Air Commerce The purpose of these
expermments was to test the cffects of more pro-
longed cxposutes to smoulated altitndes of
14,000 and 17,000 feet over a six-hour period
with a normal amount of carbon dioxide and
with the addition of 3 peicent carbon diomde
in the mspired air

6 During the summer months an opportu-
mty was afforded through the cooperation of
United Air Lime< and Pan American Airways
to carry out a number of studies during trans-
continental flights, as well as durmg the more
prolonged flights of the tians-Pacific opera-



tions  These investigations have been reported
sepalately but will be briefly referred to here
80 a8 to compare the data obtmined under ac-
tual flight conditions with those collected under
sunulated altitudes 1 low-oxygen and low-
pressuie chambers at sea level The essential
information relating to these various parts of
the nvestigation, such as number of subjects,
altitude, 1ates of ascent, eic, has been summa-
t1zed in Table 7
IIT Experimental Procedure

In the major expernnent (Part I) a large
number of subjects were studied at six differ-
ent altitudes from 10 000 to 18,000 feet at two
rates of ascent—rapid (15 to 30 minutes) and
slow (45 mimutes to 1 hour and 30 minutes)
The rapid ascents preraged between 600 and
700 feet per minute, and the slow ascents less
than one-half as fast The altitudes and the
tme required to simulate these ascents are
shown 1 “Lables 6 and 7, and also graphically
m Figure 13 Once the sunulated altitude was
reached the various tests were given twice dur-
mg the two hours at the altitudes indicated
The length of each experiment varied from 314
to 415 hours, depending on the rate of ascent
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CONTROL

RAPID ASCENT
TO 16,000 FEET
IN 20 MINUTES

Ia

4T HOUR

CONTROL
SLOW ASCENT
TO 16,000 FEET
IN 75 MINUTES

I3

24091 3—31—4
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Oner 250 experiments were carried ont m the
main part of the study In a number of cases
two subjects were studied at the same tume,
however, for the most part the subjects were
tested 1n the chammber individually Two ex-
perimenters mside the chamber gave the te-ts,
and one cutside the chamber made frequent
analyses on the Haldane apparatus of the per-
centages of oxygen and carbon dioxide in the
chambet

Tanre 6

TIME REQUIRED FOR RAPID AND SLOW ASCENTS AT
ALTITUDES INDICATED

|Length of stay—two hours Data taken ng of
control, first and second hour]

I |
‘
Altitudo (feety | Llmeln Allitude (leet) | Limoin
10 000 Rapid 15 || 16,000 Rapld 30
10,000 Slow 40 || 16,000 Blow - i
12,000 Rapld 20 || 18,000 Rapd 3
12,000 Blow 45 || 18 000 8low - o
14,000 Rapld 20 || 21,000 Rapld a5
14 0¥} Slow 45 |

The subjects came to the laboretory at least
114 to 2 hours following a meal both in the
mornngs and afternoons In the selles where
blood samples were collected, the subjects came

A
X

ASCENT
ALVEOLAR SAMPLES
TESTS

2%® HOUR

1§T HOUR
Figure 13 —Ihagram of experimental procedure (McFarland)

24° HOUR



to the luboratory i the morning under basal
condations Each subject was given the various
tests a day or so previous to the experimental
series so a5 to become acquainted with the pro-
cedures, and also to attempt to overcome (he
cffects of practice m the psychological te<ts
After the subject entered the chamber a com-
plete seiies of tests was laken before the ascent
Then the various tests were repeated twice, a=
mdicated 1 Figure 13

TapLe T

NUMBER OF SUBJECTS IN THE VARIOUS EXPERIMENTS
AT THE ALTITUDE AND RATES OF ASCENT INDICATED

Number
of
sabjoecta
|~ [
g2
Lipriment Aluinde v E K]
z | 2§
8 1|
] - 1=}
-8 <3
Part I Major Experlment on | (1) 10 000 loet 14 28 | 1R 14
R fects of Altitude {2) 12 00 feet pER-|] 14 12
(d) 14 O oot 12 29 ull 13
(4) 16 000 Tect W %| 27| 19
25) 18,000 fecat  _ 10 3n 30 17
0) 21,000 feat _ 9lp | 12
T'act [1 Age(n Relatlonto Al | (1) 14 000 feat 12 &
tluade W 17tod years | 1220 1.0 | 13
D) ) to 45 vears | 1220 | 15
) d5to 72 yesrs | 12 20 1b
Part IL1
A Rate of Ascent ond Altl 1) 16 000 leet 11 2o 1n
tude 1n Relstioo ta Phya 2; 16 000 leet 11 26 10
1eal Fitness a) 12 000 fest 3o 18
T Psychonenrotle Group 1) 18 000 [edt 10 15 35
C Conlrol Group (same as | (13 18 000 feot 10 36 | ' 30
Part I)
Part IV and Pert v
Low Oxyeen (119, 03) Ex | (1) 18,000 leat 10 as
periments with and wih
out Excess Carbon ITh
oxide (3 0% CCa)
(e} Columbls Experiinent | 17-22 000 [eot 1
b) Harvard Fxperunent 17 000 feet 4
(c) Wnght Fleld (Low | 17-22 000 feat 4
Pressure Chamber? Fx
periment
Part VI Experimenls whlle [n
Flght an Commerelul Ar
Trans s
{r) | run~continentsl Flghls | 6-12 000 feet _ G
() Irans Poclc Fhghts 8-12 000 feet . 11
) otn] number of aubjects - _ 208 | 14

I Same groap of subjects as In Part I not tneluded In total

The tegis were g11 en 1n a Barach portable oxy-
gen chamber (7xBx8 feet), where the gases,
temperature, ventilation, and humidity could
be regulated (4) The concentration of oxygen
was maimntained at the desired percentage by

1mnning m nitrogen® The carbon dioxide
never exceeded 07 percent Samples of the
gas mixtures were taken inside the chamhber at
the time the alveolar air was taken, also, a
sample was taken by an assistant from the out-
side of the chamber The analyses were made
with a Haldane gas-analysis apparatus  These
determinations were made at the beginning and
end of each period when the percentage of oxy-
gen was altered  The ventilation was provided
by a motor blower urat  The arr current was
passed through a tank which contained ice to
cool and dry the air The temperature was
maintained between 68-74° F | and the humid-
ity between 40-50 percent The chamber was
n a part of the laboratory free from distraec-
tions and other outside mfluences The ex-
perimenter was protected against the effects of
anoxia by breathing additional amounts of oxy-
gen through a nasal catheter The small
change 1n percentage of oxygen was compen-
sated for by a small amount of mtrogen from
a ¢ylinder outside the chamber

1 The subjects —An attempt was made to get
subjects to serve 1n the experiments who were
of the same soclo-cconomic status as the aver-
age flymng population  In the main experiment
many of the younger subjects were undergrad-
uale and graduate students in Columbia Umu-
versity Those who weie more advanced in
age were for Lhe most part professional men
in New York City engaged m the practice of
luw, teaching, or business  The total age range
was from 17 to 72 years The subjects varied
11 physical fitness from college athletes to those
who led sedentary lives with a very limted
amount of exercise There was also a fairly
average cistiabution as to height and weight
Those with known organic illness were elumi-
nated from the experiments  As a result of the
tests, however, a number of the individuals
were shown to be 1 very poor health and were
sent to the University Medical Office  One of

¢ The altltudes corresponding to the oxygen mixtures In
the chamber were determined by data compiled by the T §
Bureau of Btandmids (¢f Table 2) whieh relate alttude
barometrle pressure and the percentage of oxygen avallable
for the orgnnlam at each level The calculationa are based
upon a conftant temperature of 15° C wlith allowance for
the doy to4day wvarlations in the barometrle pressore



the subjects, for example, collapsed at 9,000
feet after approxunately 10 minutes during the
ascent About half of the subjects volunteered
to serve because of their general interest 1n avi-

ation The others were pard by the hour for
each experiment All of the subjects were
males

2 The physwlogeeal and psychological tests —
During each experimental session a series of
physiological and psychological tests was given
to each subject, as follows

Physwlogical tests

a Pulse rate recorded practically continu-
ously duning the ascent and st frequent
ntervals thereafter

b Sysiohc and dwstolee blood pressuie —
Tycos recording sphygmomanometer

¢ Alveolar owygen and carbon deomde —
The analyses were run in duplicate on
the standard Haldane gas-analysis eppa-
ratus

Psychological tests
a Handwriting —The subject was asked
to copy 8 lines of the Swedish langunage

b Heterophora test for ocular muscle bal-
ance (1)

e Chowe reavtion tvmes (Sillitoe apparatus
(61) 50 reactions on a portable reaction
time apparatus with five colored lLights
Time recorded 1n hundredths of a second.

d COolor nameng —Both time and errors
were recorded durmmg the namimng of
colora (68)

e Oode test—Cf Johnson and Paschal
(34) Recording of the time and errors
mvolved 1n transhterating 50 letters from
a code

;f Memory (66) —Immediate recall for
series of ten four-letter words after ex-
posure for 156 seconds each

g Record of physwlogroal and psycholog-
wal complants —Each subject kept a
running account of his chief symptoms
1n his own handwriting Also at the end
of each experiment the subjects indicated
their chief allments on a standardized
test form (cf Table 16)
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3 Buochemecal tests (Parts ITL, IV, and V)
2 Lactic acid (Friedemann, Cotomio and
Shaffer)
b Blood sugar (Folin-¥Wu)
¢ Imorgamec phosphorus (Youngberg)
& Calcium (Clark Collip)
e Creatimine (Folin-Wu)
/ Hemoglobin (Newcomer)
g Blood gases, Van Slyke apparatus  (Ai-
terial oxygen and carbon dioxide ) (52)
4 Statwstecal treatment of data—The pulse
and blood pressure records were taken practi-
cally continuously during the ascent and well
mto the first part of the first experimental hour
s0 as to follow the acchmatization made by the
subject Thereafter pulse and blood pressure
records were made every 10 to 15 munutes In
the final data the pulse and blood pressure rec-
ords were averaged for successive 5-minute 1n-
tervals during the ascent and for every 20-min-
ute period during the remaining 2 hours
The alveolar air samples were taken 3 times
during each experument, first under control con-
ditions and again at 15 to 25 minutes of the first
and second hours at each altitude A sample of
the air in the chamber was also taken at the
time the alveolar air was collected Each sample
was anhalyzed 1n duplhicate on the Haldane ap-
paratus
The scores for each subject n the various tests
were obtamned first under control conditions
{(nir) previous to the ascent and again during
each of the two hours following the ascent In
Tables 8 to 15 these three scores, Control, First
hour, and Second hour, represent the averages
for the number of forms or trizls on each test
for the respective periods
All of the scores for the physiclogical and
psychological tests are grouped according to
altitude and rate of ascent Separate groupings
have been made for age and physical fitness
The final results are recorded in terms of means,
variability (standard deviations) and critical
ratlos (determination of the sigmificance of a
difference between means mm terms of proba-
bility)
These data have been treated by the usual
statistical procedures In determining the criti-
cal ratios, use was made of Fisher’s method for
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small samiples (cf Guilfoad J P, Psychometiic  ut the respective altitudes after a rapid ascent,
Methods, MceGaaw-Iall, 1936) The critical using first-hour data only A comparison has
ratios are umporlant, since they are measures of  also been made for the differential effects of
the probability that the differences between the  1apid and slow a-cents to a partrcular altitude
ser level and the althitude means are signifhicant  and fmally the differential effect of age and
1 e due to the effecis of the dammished oxygen  physieal fitness at o ~ingle altitude following
pressuie 1ather than resulting fiom samphng o ropid ascent
ertors and variabihty  These men-ules a1® [y Regults of the Experiments on Large Groups of
shown 1 the tables m teims of chances o 100 Subjects (Part I)
that the difference could have ar1sen by chance 1 The pulse rate —The alterations 1 pulse
It 15 generally accepted that 5 chances m 100 o1 1ate per mnute for ench group (throughout the
Jess indicates a sgmficant difference and 14 o experimental -ess10n) under the various conds-
uvedd m the results of thts study (f Tisher tions of rate of ascent and altitude attained
{1841) ltave been smmimarized m Table 8 In addition
Sice the control scores 1n the various ex- to the means, the standard deviation (index of
pernnents were not identical due to different  varmbahity withan the group), the significance
subjects bomg used, the changes 1n the mean  of the observed differences (whether the differ-
scores 1n the physiologieal and psychological — cnce 18 due to chance or not), and the mmdex of
tests (with the exception of the heterophorin  change (eontrol=100) are shown for the van-
test) are also shown as percent change with ous groups under the conditions as mdicated
tlie control score bemng taken as 100 The use  lhe average merease m pulse rate during 1apid
of percent change f1om the control makes direct  ascents appeared to be siguificant statistically
compainison of reselts easier and at the same  duwrmg the first 20 munutes at 12,000 feet, how
time made 1t simpler fo1 chartig the dota evel the mean pulse 1ate dropped to the control
The essentinl comparisons have been made level by the end of the fitst homw At 14,000
between the results obtained in the physwologi-  feet and nbove the mean pulse rate 1emained
cal and the psychological tests at sea level and  <gnificantly higher throughout each exper-
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Figure 14 —Pulse rate during rapid ascent end during 2 hours at hugh altitude (MeFarland)



mental period The first significant increase
during slow ascents was at 16,000 feet

The extent of the 1amations 1in pulse rate
during rapid ascents varying from 10.000 to
18,000 feet 13 shown graphically in Figure 14
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1n terms of the index of change (contiol=100)
There appears to be a close relationship between
increase 1 pulse rate and height attnined A
well controlled rise 1 pulse rate 1s apparently
a favorable responge to lowered oxygen pressure

TapLe 8 —Pulse Rate

Flrst First Flrst Jecond Second Second
(Altltwde !n [eat) Coentrol hour hour hoar hour hour hoar
1-20 mins | 2140 mins |41-Wmins | 1-20 mins |[21-40mins | 41-60 mins

10,000 rapld

Mean_ _ 74 13 77 00 76 (08 8 TR 00 T4.80 74 71

ID._ . 10 63 11 3 12 11 1L78 13 05 10 07 7 B

Bignlfcanos 1 - 510 80-70 50-60 100 80-70 T0-80

Index of change 1000 103. 6 101 0 o4 1022 100 6 100 5
10,000 slow

Mean . (] T 71 00 74 87 I

5D B 17 622 5 64 i}

BlgniAcance - 20-30 1-2 510

Index of change - 100 9 L] 21 929 - -
12 000 rapld

Mean 78 38 8300 El 62 70 46 '8 66 73 o, 08

D - - B 42 g B0 10 %0 0 a7 1427 12, E1 18 48

Elgnificance - _ -1 3040 &0-60 a-100 7080 )00

Index of change _— R 100 0 106. 8 104. 2 1020 10 2 1 [, ]
12,000 slow

Mean ——— - Th 38 77 88 81 57 TS 17 . _ —

8 D__ . _ - _— B. 60 6. 08 10 58 718 |__ . R

Slgnificance ___ - _ - 50-60 10— 7080 -

Index of change . - 100 0 020 105 & mr _ - .
14 000 rapld (17-30 313 )

Moaan - - - - 77 27 Ba. 21 M| a1 36 B 49 5234 o 8l

8D - @ &0 8 85 g 38 10 40 92 9 70 062

SignlAcence - _ 0-1 0-1 01 0-1 1-2 | -1

Index of changa - - 100 @ 111 & 108. 7 107 B 108. 0 106 6 108 6
14,000 slow

Meaan - 417 75 67 74 50 76 00 - -

5D . _ - 14.11 11 47 12 51 - - | - -

Signlficance 70-80 B0-104) 70-80 —

Index of changa - 100 0 1020 100 4 1011 R
16,000 rapid

Maan - — 75 8 860 84 b 1B g3 8l 8 B2 B

s D B2 13 1 12 b 12 & 11 8 111 12 41

Signlficance -1 (-1 1 0l 0-1 1-2

Index of change - _ 100 0 113. 9 112 5 110 110 3 108 4 109 8
18 000 slow

Mean 5 RS 08 &@oar 53 87 B4 81 B4 07 ]

8D 10 7 10 77 14 29 10 86 12 47 12 92 12 10

Slgnlficance 1-2 10-20 25 2-5 o-10 10-20

Index of change 1M 0 108. 4 105 @ 108 0 107 B 7 e 107 &
16 000 rapld

Mean - 70 30 B 80 81 20 - 700 | _ _

S D__ . - 6 82 o a8 - 8 48 - B.92 |- _

Jlgnifeance . _ - 0-1 . 0-1 0-1 _

Index of change _ _ 100 0 120 8 115 8 _ 113 8
21,000 rapld

l‘;-{e]grl — - 87 BO ™3| . 6 30 -

Hignifcanco - _ . -1 _ 0-1

Index of change _ 160 0 130 1 1423 -
14 000 rapld (345 yrs)

Mean. _ _ - 81 B0 86 0 B4. 00 78 89 T& 00 0 00 B0 00

3 D__ - E. B 13 0 10 52 [ i -

8lgnlfAcanca _ &0 H0-100 40-50 - -

Index of change _ 100 0 1043 103. 1 980 a5 7 @ p ™ 2
14 000 rapld (46 ¥r8 and over)

Mean - - - , 74 33 78 b8 478 T2 27 23 7394 T B

BD __ - 13 62 14 66 14 07 12 09 10 25 11 &6 10 14

9ignlficance _ _ - 80 BO-90 B0 80-90 90-100 B0-100

Index of chango _ 100 0 13 0 100 6 a7 2 97 3 883 o 3

1 Chances {n 100 that the difference rom the contro! could have arlsen by chanee
of t(be difference 13 reasonably certain, or before chance cen ba reaSonably

oot

Flve chances m 100 o less are necessary bofors the slgnificance



m the average peison mm good health  Mans
of the subjects 1n poor physical condition re-
sponded with extreme variations i pulse rate,
1 e, elther an unusually large merease 1n rate,
a sudden dectease 11 rate, or no change at all
There 18 a general tendency for the pulse rate
to return to more normal levels at the lower
altitudes (10-12 000 feet) provided the subject
ncclimatizes fairly well and remalns at rest
At the higher altitudes, however, this does not
occur (cf Figure 14)

In comparing the alterations m pulse 1ate
during rapid and slow ascents, 1 e, attaining
the stmulated altitudes within 15 to 30 minutes
as contrasted with 1 hour and 18 minutes to 1
hour and 30 minutes, the varations appear to
be Iess extreme 1f the organmism has a longer
time to become acclimatized This tendency 1s
shown graphically in Figure 16 for 16,000 feet
altitude In fact a number of the subjects who
were able to become acchimatized to 16.000 feet
following a slow ascent collapsed upon reaching
similar altitudes after a rapid ascent On the
average, the group differences mn pulse rate
weie not significant at 10,000 and 12,000 feet
vwhen the rapid and slow ascents were con-

trasted {CI Table 8)
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2 The systole and dwstolic blood pressure —
The mean variations 1mn systolie and diastohe
blood pressure under the different conditions
of reduced oxygen pressure are shown 1 Tables
9 and 10 These results are partially shown 1n
graphic form m Figures 17 and 18 1n terms of
the percent change from the control

On the average the blood pressure records
do not show very definite tiends This s pri-
marily due to the fact that the inereases and
decreases tend to cancel out, thereby mdicating
anly small changes in the group means Dur-
ing the rapid escents the varations both 1n
systolie and diastolic pressure were less ex-
treme than during the slow ascents (Cf Fig-
ures 17 and 18) At moderate altitudes most
subjects 1enct with an mitial increase 1n either
the systolic or diastolic blood pressure, or
both, followed by a well controlled fall to
normal values.

In contrasting the rapid and slow ascents
to 16,000 feet, both the 1mmitial increase and pro-
longed effects 1n the systolic and diastolic pres-
sures were lngher during and following the
rapid ascents

3 The alveolar owygen and carbon droacde —
The average pattial pressure of oxygen and
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Figure 15 —Tulse rate during slow ascent and during 2 hours at high altitude (McFarland)
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caibon diorude 10 the alveolar air an telation 1o
the petcentage of oxvgen and carbon cdiovde
1 the chamber 15 <hown 1n Table 11 and Figurc
10 for the vanous groups under the rondibons
of diminiched oxygen tension as mndicaterd
The re<ults mdicate that, on the average the

partial pressure of ovy gen 1s significantly higher
and the carbon dioxide lower 1 acchmatized
«ubjects compatred tounacchmatized ones  (C1
Figme 19 for 1esults from the Chilean Expedi-
tion {10 men) after several monthe at the var-
1ous stations a< mdieated }  In contrasting the

Tanre 9 —Systolic Blood Pressure

!
First hour | ¥irsi hour | kiest hour ' Second Second Second
(Alhtude lu feet) ‘ Conlral ‘ -2 21-41) 4140 | hour 1-3 hour 21440 | hour 41-60
o | JER ) [
10 (kK rarnd
Aean 111 17 109 Ra pLLIR 112 89 5 B 106 90 111 ™)
~ 17 o2 in 10 97 o 00 802 R 02 T 1A
“Gemfleonee! 2-4 - 349 A-lD 2030 40
Tades al chianpe 100 0 L] ki1 o 4 L BT 0 o7 4
Ly low |
Arean 111 /3 109 G M Rl 111 Q0
~ 1 7 B 1R o 03 & 05
~irmificance I A3 1020 n
Index of ehonee 1m0 0 95 5 a5 A 08 B
12 000 rapld
“lcan 110 29 171 62 110 A9 111 92 110 A4 1% 65 07
SN 683! 9 44 0 80 007 TR 12 83 5 AN
SumlfArinee a0 31 90 A0 41 o0 -4 -0
Indax ol chanee 100 101 2 100 9 0 35 100 - 993 07
12 0O slowe ‘
Aean 107 13 mn7 & 102 71 103 98 -
~ D _ 14 4 2R 7 R! 4 49
sienificance “0-50 4= 401-50
Indey of chinge 100 q o0 7 as a 97 0
11000 raprd (17-30 yr9)
MMoam 112 77 112 11 108 04 08 71 105 51 111 41 1 Ao
~ N 12 7 JEN]] 113 1423 14 &4 14 OB 10 ho
Aenificanee W=7 12 10 25 2-5 510
Indos of chango LTINS 204 y8 7 I} 07 1 a4 a7 2
14 00 rupad (3045 1)
“can 120 0p 1 9R 11z 71 116 67 115 67 117 A7 115 00
s D _ 13 17 h "4 11 5 12 40
SleniAcance ! G070 In-m 10 2n
Index o change 100 0 102 B 819 4 B 4 1 0y 2
1 000 Md (45 yra omil ovoer)
Mlean 130 v 120 27 177 53 128 00 128 647 132 1 194 67
4D , 22 W) 24 22 718 235 /i 47 20 08 2o 37
*[mifcance =70 4—Fi) A0 20-5) 70 BN -1
Tn¢ex ol change ! K 0 07 1 98 1 a8 4 L] 1 7 103 6
14 000 <low,
Mean 17 A 111033 114 3% 111 0
LD 303 T 14 L
Slgnifleance 040 50 100 40-h0)
1ndex al change ‘ IH) 0 9% A 00 4 87 5 -
168 000 ropld
MMenn 110 4 109 4 I 4 110 R 100 4 106 8 108 G
8D _. 10 10 YT 11 40 11 78 12 41 12 04 18 3G
Slgnificanre 4R SO0-0 30 B i)} B0-100 TO-RD
1nday of change 1 0 91 91 100 3 #1 o5 a8 4
10 000 slow
“aan 1 17 3 W 12 106 W 13 = 106 72 100 al
9D 12 5l 11 68 10 25 s 4 11 25 19 12 12 48
~lenifleanre 0-1 1-2 01 5 10 1-2 =10
Index of chanee 1000 aLn R 921 8 5 926 ™9
1% 000 rapid
fean 106 90 100 12 108 76 109 10 .
5D _ - - 5 83 AT 10 o 11 p2
Alenificanen =100 SO~ =100 _
Indes of change o0 0 100 2 WK 1 100 &
21 000 repid
“ean 100 6 125 1 127 3
SD |
Qienificance
Tndex of change 1t Q) " 11 43

ol the dIfferones 15 rensonably certaln, or Lefore chance ran be reasonably ruled out

Chaneea In 100 thal the dlfferonce from the control could havre arisen by chanee  F1ve chances in 100 or less are n

ecessary before the signifeance
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two rates of ascents in this experiment the par-
tial pressure of oxygen was significantly hagher
following the slow ascents compared to the
rapid ones

4 Results of the Psychological Tests

a Handwriteng test —In an attempt to ob-

serve the effects of diminished oxygen pressure
on motor control 1n & haghly practiced reaction
Ike handwriting, two different tests were used,
the first Involving the copyng of a paragraph of
elght limes of Swedish language, and the second
o handwtitten commentary on the physiologieal

TasLe 10 —Ihastolic Blood Pressure

First First First Becond Second Becond
(Altltude |n fest) Control hoar, hoar, hour hour, hour, hour
1-X 2140 41-60 I-m n—40 41-60
14,000 rapld
Mean _______ ... —_— - - [ 68 T2 o4, 17 84 44 i ] 64 30 84 i a7 87
S —_— - 7 88 6 T3 A @0 0 I4 . 83 T 88 8 x2
Slgnlfeanes | ___ . . __ _________ ___ _______ e e e BO-00 080 40 BO—B0 80-80 a1
Index of chaoge  _____ e = e ——— am 100 0 100 7 m1 10487 100 9 1012 0Le
87 88.17 81 09
518 8.0 3 06
-0 20-%0 50-60
101 2 107 3 2
a4, 60 64,14 ) a7 a7 64,01 87 40
6 o4 519 a7 & 07 764 3 a7
0-30 100 010 T0-80 a0-100 100
100 0 o3 28 5 100 8 100 3 10L0
&2 00 & 00 VA
4 54 b 10 B4
40-50 80-00 30-40
04 B 100 0 .0
84, 62 an 4 ag, 70 64.33 07 45 87 88
878 g 48 g 06 . ] 1030 97
2-6 5 10-20 510 1-2 0-1
1046 103 4 13 2 1M, 2 104 0 105 8
71 50 @ 43 78 68 75.33 71 00 T3 67
8 D__ ——— 1040 11 84 8.47 1088 | o
Slgnlficance e [ 20-30 A3 BO {ao_o o | o [
Index of change . ____. _____ e e e 160 0 0. 4 o1 o7 021 042 o0 8
14,000 rapld {45 yr3 and over)
Mean ____ - 8D 00 i) Ta.ar 3. 00 84,19 a7 b7 ™
17 B0 I8 &0 3 18 24 68 34 40 a1 01
5080 80-70 B80-70 60-T0 50-80
87 3 |3 104 7 106, 4 108 0 121 &
86 87 68. 00
780 8 89
20— 10-2)
Indexof change.  _______ . . ___._ _.. [, 100 6 1047 104. B
18 000 mpld
Mean 648 6 8
3D _______ 948 888
Elgnifranea _ 8000 10-20
Indexofchange  ______ . __ L ... 100 8 1™ 1
16,000 slow
Mesn oo . s el el - 87 0d a8 71 a7 17 60, B8 Bp 21
apDp S, 5 10 10 fi 45 10 38 1200
BlgolfAeanes . . [ a7 §0-00 60-70 BO-00
Index ofchange  _________ _______ . ________.__ 100 0 o0 100 2 0 103 2
13 000 rapid
Mean. . . L o f eee ceceeeo| TORO @12 || 8TIR|___ o_..|  0T&| ________
T e e |

L Ohances in 100 that the diferenes from the control conld have arisen by chanas

Five chances in 100 or lesa are necessary befors the significance

of tha difference s reasonably cartaln, or before chance can be reasonably rled out
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SYSTOLIC

Figure 18b —Blood pressure during slow ascent (McFarland)
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TABLE 11 —Means of Alveolar pCO, and pO; and Chamher Concentrations for Alutndes Indicated

Firat hour fecond hour
Controel
(AlMitude 1 feet) Chamber Ohamber
pC 0Oy P pC0Oy nlk
pCO; D0, 2 C0Oy %01 tC 0y %

10 000 rapid 40 4 wo M1 M3 096 13 95 44 2 [ 0 85 14 18
10 000 slow 32 103 0 37 6 59 3 43 14 04 _

12,000 rmpld - ) 105 6 361 58 | ag 13 13 H b ] | 51 12 94
12,000 slow , 40 8 100 1 v 837 40 13 26 40 3 50 6 Tl 13 36
14 00 rapid (17-30 yrs ) 30 B o5 30 4 44 68 38 12 08 70 44 4 ‘ 1] 122
14 000 rapld EHD—‘!S ¥ ) a7 b 101 b 35 5 43 2 3e 12 4 M3 4540 00 12 14
14,000 rapld (4% vty and over) 38 03 100 3 36 2 47 8 45 12 42 1) od. 6 | [&] 12 18
14 (K) slow 38 100 8 a3 8 43 90 40 121§ L35 5 L35 6 L &5 112 02
16,000 rapid 38 8 101 1 35 3 ] ar 11 14 HP a8 4 63 11 18
16 000 slow 385 101 3 310 43 2 ‘ 47 11 10 33 40 4 L1 11 30
- Ao il .

1 One subject

1o

AYCEN (PO,]
90

80

. N

[]¢]

/— CHILEAN CAFLOTION

50

“0 %
CARNOM DRINIDE (D)

30

MILLBJETERY OF Hg

20

ALTITUDE IN THOU3ANDS OF FEET

Figure 19 —Alveolar oxygen and carbon-dioxide ten-
gion 1 unacclimatized and acchmatized man
(McFarland)

and psychological changes observed during each
experttuent 'The samples of handwriting were
scored on the basis of changes from the normal
hondwrniting, using the following criteria (1)
11egularities 1 distance and height, 1 e, s1ze

(2) slant of the lstiers, (3) changes in the slopes
of the hnes, (4) tremors, (§) omissions of let-
ters and punctuation The scores on these vari-
ous items were then added mto a total score
and caleulated 1n terms of the percent change
from the contrel

TasLe 12

PERCENT DEVIATION IN HANDWRITING FROM THE CON
TROL (1) FOR THE ALTITUDES AND RATEH OF ASCENT
INDICATED

Firat Hecond
Contral | 1 0r honr
10 000 feet
Hapid _ 100 0 o 3
Slaw 100 w2 -
12,000 [eet
Rapid 100 907 ad 8
Blow  _ 100 B3 4 __
14,000 feet
Rapld 100 03 8 62 2
Slow 100 B0 |
16 O [eet
Repid 100 024 g4 2
Slow  _ 100 928 g1 0
18,000 feet Rapld _ 100 6 2

The results are shown 1 Table 12 and Figure
20 On the average, there was a significant 1m-
penment in this test at 14,000 feet and above
the deterioration 1n motor control being fairly
great at 16,000 and 18,000 feet following a rapad
nscent

A number of typical specimens of handwint-
mg under control (aur) conditions and reduced
ox3ygen tension are shown m Figures 22 to 25
Figures 22 and 23 show reproductions of the
Swedish passages which were to be copied, and
Figures 24 and 25 the voluntary comments of
two of the subjects as to their general acchma-
tization to the lower oxygen presgure
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Figure 21 —Heterophoria tests (McFarland)

b Heterophoma test —Inthis test the amount
of ocular muscle unbalance was measured
under constant highting conditions with a pan
of 5-diopter prisms at 40 ¢ms distance  The
results, as shown in Table 15 and Figure 21,
mndicate the mean deviation in prism diopters

from the control value (not orthophoria) under
the various conditions of diminished oxygen
pressure The significance of the observed dif-
ferences was not relinble statistically until the
oxygen partial pressure was rednced corre-
sponding to altitudes of 14,000 feet and above

¢ Chowe reaction fuimes —The results of this
test. under the sarious conditions of oxygen
depiivation are shown graphically m Figure
26 m terms of percent change from normal—
100 The reaction times, as measured mm hun-
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Figure 22 —Handwriting test for subject LEF
(McFarland)



dredths of a second with the portable choice
reaction time box (61) were not sigmificantly
lowered until the partial pressure of oxygen
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Figure 23 —Handwriting tests for subjects FLI and
WAL (McFarland)
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Figure 25 —Handwnting—complaints recorded volun-
tarily by subject Tyrrell (McFarland)

was reduced so as to srmulate an altitude of
14,000 feet and aboie This particular test
was not complex enough to bring out the more
subtle mental changes associated with oxygen
deprivation, and hence 1t was not ued through-
out the entire series of experiments

d Colornamang test —In this test the subjects
were required to name as rapidly as possible
100 colored squares (14 1nch squares, red, blue,



green, blackh and vellow) nrtanged m random
order  The ~cole 1« given 1 seconds and «1-
rors  Imdividials vary gicatly o the tapid-
1ty and the mumber of errors with which ths
test can be tuhen but few can escape the tensd
eney toward “blockmg * or nanung the wiong
color, especially those subjects who ate emo
tionally unstable  Previon- experiments have
shown that follewmg the mgestion of aleolol
or acute “fatigue * this tendeney toward “men-
tnl Ing’ m blocking 1~ gieatly accentuated A
careful record was kept by the experimenter of
the number of extors 1 e, the number of tunes
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the subject called the coler by the wiong name
o1 was blocked 1n saymg the words  Both the
tune score and the errol ~cote <hould be con-
sidered 1 terpreting these dala  The 1e-
sults are shown in Table [3 and also m Fig-
ute 27 in terms of the percent cliange from the
control data

The results show that on the average, the
mean mmpairment m tune due to the oxygen
deprivation wns statistically wgmficant fol-
lowing the rapid ascents to 12,000 feet and
nbove and at 14,000 feet following the -low
ascents  The vamability ot 1e-ponse alse m-

Tanrr 13 —Color Naming

{Alttuaede o feet)
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- D
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? Total possible number of errors is 100



crensed with 1ncreasing altitude ns indicated
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a simulated altitude of 14,000 feet was attaned

in the Jarger standard deviations The mncrease In order to show the mean varmability of

1n eriols m this test was statistically significant

response at the various simulated altitudes 1n

at 10,000 feet following the 1apd ascent This  the color-naming test, the imndividual responses

was not true followimng the slow ascents until

Tasre 14 —Code Test

{1 terms of percent change from the contiol)

Time ln seconds Errors 1
{Altitude In feet) g 4 g q
ELOT BCOTL
Control | First hoor hour Control | First hour Thour
10,000 rapld
Mean_ R - _ 127 18 132 2 130 22 0 28 [ o B9
5D - _ - 20 85 an 17 o 7 fig 23] il
Blgnificance 1 _ _ _ 510 3040 ! 10 -3
Index of change [ 100 0 1040 102 4 100 0 100 8 100 8
10 000 slow
Mpan - - 133 00 126 81 I 133
D . - - - 35 b4 ! a1 42 T4 114
SlgnlAcance _ 40-h0 304
Index of change 100 0 ar 7 100 0 101 3 -
12,000 rapld
Menn 12 14 131 14 136 14 71 To 100
3D - - 2 34 2 83 31 61 & 2] 137
Slgnlficancs 1-2 0-1 0-100 40-50
Index of changa 100 0 108 & 1M 7 100 0 100 1 100 6
12 000 slow
Mran , 122 25 128,31 13 108 -
8D - =z #H vl - 3 1]
Slgnlfeanee _ _ 2-5 I 0-1 -
Index of change 100 0 104 7 100 0 101 8 | _
14 000 mpld (15-30 y13)
Mean _ - 122, 04 131 72 13 3 27 86 fe
8D - _ 21 24 P )] 26 05 53 a4 104
Slgnificance _ 0-1 1 0-1 0-1
Index of change - - 100 0 107 9 106 B 10 0 101 2 101 4
14 O6W) rapld (17-40 yr8)
Mean - - 158 70 170 08 147 &0 70 180 1 67
B D - 37 48 44 56 78 103
Significance T0-80 10-20
Index of change 100 0 106 8 104 6 100 0 JLH 101 &
14,000 repld {45 yr3 and over)
Mean 178 92 188 o 162 42 42 75 83
8 D_ - _ 48 G2 a2 a7 27 3l &8 7 14}
SlgnlAecanco _ 10-20 1-2 [-60 10-20
Index of changa 100 0 106 6 el B 10 0 100 7 100 B
14,000 slow
MMean 118 50 130 42 17 L 00
B D _ - _ a9 14 58 78 kL] oG5
Signdficance 2030 0-1
Index of change - 100 0 109 1 1080 0 w7 ,
18 000 repid
Mean __ - , - 121 28 135 14 133 55 a7 12 121
B D_ _ - 10 35 15 18 21 87 61 102 1 60
Slgnlficance - 0-1 -1 0-1 -1
Indcx of change 100 0 111 5 110 2 100 10 L7 01 7
18,000 slow
Mean - 111 72 124 78 127 2 137 181
B D 13 3 2 80 25 50 42 177 140
Blgnificance - -1 01 -5 0-1
Index of chenge _ - 100 0 11 7 114 O 100 4 102 3 102 8
18 008 rapld
Meaan 1303 147 83 154 08 2 61 ERH 2 45
S D _ 24 33 a8 BT 53 T8 31 394 249
Hignifcance _ -1 -1 0-1 1-2
Index of change 100 0 117 3 124 3 100 0 102 2 "7
21,000 mpid
}Ig]gn_ - 128 79 2o 3 - 10 21 87 -
8 . -
Significance - -1 - 01| .-
Indes of change . _ _ ‘ 100 0 184 § [ 100 0 mo| o __

! Ohances in 100 that the difference from the control comld bave arieen by chance  Five chances in 100 or Jegs pre necemsary before the slmlficance
of the difference |s reasonably certaln, or before chance can be reasonably moled pat
1 Total possible number of arrors {s 60



for the scoe (tume) and average ncreasc 1n
number of eriors have been tabulated on scat-
ter diagrams 1in Figure 28 These scatter di-
agrams 1ndicate that thers 1s a fairly wide
range 1n Individual differences, but that on the
average theie 15 o considerable degree of 1m-
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Figure 26 —Choice reaction time test (McFarland)
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COLOR NAMING TEST — SCATTER DIAGRAM
PEA CENT CHANGE N SCORE {3LCONDS)
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Figure 28 —Scatter dlagrams of eolor naming tests for
means and errors (McFarland)

pairment with increaging depletion of the oxy-
gen 11 the inspired air

¢ 7 he code test —This test measures the speed
and accuracy of transhterating 50 letters of a
code There are 40 forms and since each one
15 different the imcreased performance due to
practice 1s not significant  The test measuies a
fairly wide range of psychological functions,
meluding close attention, accuracy, adjustments
of accommodation and convergence and hand-
writing

The results of this test, both the mean scores
for time and errors, under the various degrees
of oxygen deprivation are shown in Table 14
and graphicelly in Figure 29 Following the



rapid ascent to 10,000 feet, there was a signifi-
cant impairment during the first hour but not
during the second hour These mean decreases
1n time and errors became statistically reliable
at simulated altitudes of 12,000 feet and above
At the highest altitudes the decrease m effi-
clency 1n this test became very marked not only
as manifested in the mean varability of the
group but also 1n the percent decrease 1n time
and 1ncrease 1n errors The scatter dizgram 1n
Figure 31, showing the individual scores 1n the

code test, illustrates quite clearly the wide range
of individual differences, as well as the decrease
1n scores with an mcerease 1m oxygen deprivation

[ The memory test —This test (memory for
pawred associates) measures the capacity for
close concentration and immediate memory
Ten pairs of four-letter words (with no obvious
assoclations m terms of meaning) were exposed
for 15 seconds each 'The cards were then
turned over so that only the first of the pair
of words was shown The subject was supposed

Tasre 15 —Memory and Heterophoria Tests

Palred awsoclates Hoeterophorls
(Altltude 1n feat)
Control | First hour |Second hour| Control | First hour |[Beccnd hour
10 00 rapdd
earn - _ _ _ 8 84 T B§ T4 190 LED 1 80
8D .. - - - — - - - 112 1 48 188 a2 2.1 2%
Slgnificance ! . - . - - |- - 0-1 0-1| _. 100 100
Index of change? _ - _ _ _ - _ - 100 0 B8 2 BZO | __ —{ 10 —0 10
10,000 slow
Mean. - - __ _ _ __ - 9 50 B. 41 - 0. 60 0 B0 |. __
3D _ _—— - - _ _ - - 0w 163 ——— 0 4p 0680 | . .
Slgnlfeanee .- - - . - - — - _ _ - 10-20 — | - . -0 R
Index of change . . o - - . 100 0 .9 - - 42| —
12 00 rapld
Mean _ — - - _— — S P 83 72 908 168 183 2.4
8D _ ——— - - - _ an _— - a3 2.3 104 2 2 49 27
Bignificance - - - - - - - - 0-30 060 [ _ _ 40-50 10-20
Index of chenga._. ___ - _ _ _ - el mm 100 0 B0 eral . - 25 87
12,000 slow
Mean .. . . - _ - - . - 873 787 0 87 12 R
sSD . .- _ I _ o . - 0 B 148 14 162|. _
Signlfcance . I _ - — [ 20-30 - - 80-100 -
Index of change _ _ _ - _ L - 100 ¢ B8 9 - - 2} _
14 000 rapld (17-30
Mang_ _(__ yf_J — - - - — - §11 5 Bl 6 &0 247 2 Ep 268
gD R - - - _ — 1 2 818 419 4 48 d 81
Blgnificance . e - _ __ I I - 0-1 -1 10-20 2-5
Index of change __ . e - . - - - 1000 2.9 808 — an 41
14,000 repld (3045
- Meﬂg - __] ?ﬁ_- [ - - — § 13 870 85 183 2 B8 13
8 D._ _____ - - R _ — , e - 124 233 |- - 2.39 278 -
Slgnlficence __ . __ - e - - - - - . 3040 - - 2A-30 (- _
Index of changs _ __. _ i _ _ - —_— - 100 0 835 14 6 — - 13 —0 30
14,000 rapld (48 and ovar}

“Mean.. oo . : : - . - . 33 270 376
g3 D —- - — - - — — - - - - [ _ 3 B0 3 55 2,06
SlgnlAcance .. __ PO - - - - - - O I P 40-80 | - .-
Index of ahangs _____ — - - . — - - - - [ O —0 a5 49

14,000 slow
Meap . - - _ — - - ——— g 00 a6 - - 0 o). __
8D __ PR - — - — e eem — [ i) oo | __ .-
Slgniflecance .. __ e - - - 20-30 - — - 8- | .
Index of change. - - - - — - - — 100 0 059 - c——— - ¢ PR
18,000 rapid
Mean - - __ - - - . - - - 775 591 T 06 23 260 7
B D _ - — - - — - — - 178 7 218 4.08 4,87 4. 12
Algnifcance . - - [ - - 1-2 10-20 R 40-60 3040
Index of change _ - - . - 100 0 7.3 BT 1 . a1 i)
16 000 clow
Mean . _ e o o - - - - 73 g8 7z 288 222 308
H - - - . - - — - 17l Lé7 2.40 159 321 344
BignlAcance - — N . - __ - a0 80-50 - - 40-50 10-20
Index of change . . - — - - 0 02 e 6 - —0 32 B0

1 Chances ln 100 that the diffarence from the control conld have arlsen by chence  Frve chanoed [n 100 or lesa are necessary before the significance
of the difference ia reasonsbly certain, or belore chance can be reasonably roled out
! Index of change for heterophoris is amount of ochange In prism dloptera.



to remember the second or assocated word
within 5 to 10 seconds

The results of thi~ test are shown in Table
15 and Figure 30 There was a signaficant de-
crease 10 the merage number of words recalled
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CODE TEST - SCATTER DIAGRAM
PER CENT CHANGE IN SCORE (JECGNDS,
FOR EACH SUBJECT (RAPID ASCENT)
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MEMORY TEST - SCATTER DIAGRAM
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Figure 31 —Scatter diagrams for code and memory
teats (McFarland}

al 10,000 feet following the rapid ascent  The
mean decrease was not statistically reliable,
however, at 12,000 feet following both the rapid
and =low ascents At 14,000 feet and above the
mpanment 10 unmediate memory was, on the
average significant statistically At the higher
altitudes (18,000 and 21.000 feeet) (data not
shown in Table 15—onh 1 Figure 30) the 1m-
pairment was very marked

A seatter dhagram which indicates the range
of mdividual variablity 18 shown in Figure 31
The scattering m 1ndividual scores 18 greater
than in other tests hecause 1t 18 such a dithenlt
one The general tendency for the average sub-
ject to be less efficient with increasmg oxygen
deprivation 18 very striking
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Tanpik 16
PHYSIOLOGICAL AND PEYCHOLOGICAL COMPLAINTS
1. Headache Where?———__ - __ YES NO ?
2 Visual or auditory impanirment ____ —— YES NO ¥
3 Ringing or buzzing in ears ___ _____ YES NO %
4. Vertlgo or dizziness _ YBES NO 7
5 Easily fatigued on exertion-._. _. _ __ YHS NO 7
6 Nauses or Indigeston_ __.____________ YES NO 7
7 Gas on stomach or In Intestines _____ YHS NO ?
B Cold extremitles _ YES NO ?
9 Feellng of heat and sweatlng_——_____ YES KO ?
10 Muscular stiffness and crampa . ___ YES NO 7
11 Tremors—Angers, hands, ete_—______ YES NO 71
12 Impaired coordinetion or clumslness.- YHS NO ?
13 Shortness of bhreath_______________ __ YES NO ?
14 Perlodic or wrregulor breathwng. . YHS NO ?
16 Bighing or long deep breaths. —___.__ YES NO ?
16 KExcessive sleeplness_ . . ____ . ____ YES NO ?
17 Palpitations or cardiac distress_.___.__ YES NO 7
18. Feel talkative and excited___ - ___..__ YES NO ?
19 Stuttering or blocking of speech______ YHS NO ?
20 DIficuity m concentrating (distrac-
table) e YER NO ?
21 Hlowness In reasoning _ - YES NO 7
22 Qreater effort to carry out tasks__..__ YHS NO ¢
23 Mentally lazy ——e YES NO 7
24 Feel depressed and grouchy ______. __ YHS NO ?
25 Feel exhllarated and gay--..__ . YHS NO ¢
26} Nervous, high gtrung, inward tension__ YES NO ?
27 Sudden changes in mood_—_________ YOS NO ¥
28 Fldgety or restless__ oo __ —_ ______ YES NO °
20 Worry excesslvely about health ____._ YES NO 7
30 Feel Indifferent and exhausted-_______ YHS NO 7

5 Physwlogwal and psychologwal com-
plmnts —In an attempt to follow the relative
amount of Mmpairment 1n each subject, from the
pont of view of general discomfort or subjective
complaints, two different tests were used Farst,
each subject was asked to write a Tunning ac-
count of lius physiological and psychological
subjective feelings or unpairment, and, second,
a standardized test of complants (c¢f Table
16) was arranged on the bass of the most
frequent reactions cbserved 1n previous exper:-
ments 1n reduced oxygen pressure both in cham-
bers at sea level and while 1n flight at high
altitude

The most frequent complaints recorded vol-
untarily by ench subject at simulated altitudes
of from 10,000 feet to 16,000 feet (rapid ascents)
are shown m rank order as to frequency in
Table 17 At 10,000 feet, for example, 10 5 per-
cent of the subjects reported headaches, at

12,000 feet, 333 percent, at 14,000 feet, 624
percent , and at 16,000 feet, 86 7 percent The
results in this test are also shown graphically
m Figure 32 The curves were charted so as
to show the time when the various complaints
were first observed (cumulative) and also what
percent. of each group developed the symptoms
during each experimental period Ifor example,
during the rapid ascents to 16,000 feet, 10 man-
utes after the altitude had been simulated, 40
percent of the group experienced headaches
By the end of the first hour, however, approxi-
mately 70 percent of the subjects had a headache
whach persisted, on the average, until the end
of the experiment

The results obtained from the questionnairs
(cf Table 16} are shown in Table 18 and Fig-
ure 33 for the various altitudes following both
rapid and slow ascents 1n terms of frequency
The various guestions have been classified 1nto
circulatory, respiratory, digestive, muscular
(exertron), semsory, and psychological com-
plamnts 1n order to show the percentage of the
subjects who experienced these different com-
plaints at the various altitudes

The results of thege two tests correspond
closely, which indicates that this procedure 1n
recordig the various complaints was qute
reliable These data also show that with in-
creasing altitude the average subject 19 con-
sistently 1mpaired by the lowered partial pres-
sure of oxygen Comparing the rapid and slow
ascents 1n Figure 33, 1t also appears that, on
the average, a smaller percentage of each group
15 affected by the oxygen deprivation following
the slow ascents 1n comparison with the rapid
ones

TapLe 17

MOST FREQUENT COMPLAINTS NOTED YOLUNTARILY BY
SUBJECTS AT THE ALTITUDES SHOWN FOLLOWING
RAPID ASCENTS

Oomplalnts 10,000 | 12,000 | 14 600 | 18 000

feot fent foet Teet
Percenl| Percend | Percend | Percent
Headachs - - - 10 & 3.8 a2 4 a8 7
[ratery changes or diffculties 23 87 42,5 680 D
Excesslve aleeploesa - .. — 211 500 ar & 0 0
Vertigo or dizziness - - 54 0 26 53 3
DLﬂicultEI{n oconcentrating - 211 87 50 447
Sensary Irment _ - - ] 18.7 0o 333
Lassltude, Ind[flerance - I 211 1T 280 133
Fatlgue ____ - - —_— b3 0 27T b 34 3




PER CENT OF SUBJECTS INDICATING COMPLAINTS
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Tasre 18 —Frequency of the various physiologieal and psyehological complaints
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Figure 33 —Frequency of the various physielogical
and psychological complamnts (McFarland)

Y Results of the Experiment Dealing With Age n
Relation to Acchmatization to High Altitude
(Part 1)

Smece a large number of the passengers who
fly on the commercial air transport planes are
fairly adianced 1n years, an attempt has been
made to find out whether older persons are 1m-
paired by ozxygen depriiation to a relatively
greater extent than younger persons

At the Harvard Fatigne Laboratory during
the past two jeals an extensive investigation
lias been made of the physiological responses of
persons (total number 79) varyimg 1n age from
6 to 75 years 1o several standard grades of wotk
on the treadmill The subjecls came to the
Iaboratory 1n a basal state and were asked to
respond to 3 metabolic rates (1) 1est, (2)
wallking (moderate work), and (3) 1unning
{(maximal work)  On the average, the pre- and
post-adolescents were more variable in their
physiological responses than the older subjects
Ono of the most striking 1esults of the mvesti-
gation was the gradaal decrease 1n the maxi-
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mal heart rate with Increasing age under
conditions of maximal work Through the
[andness of 8 Robinson and D B Dill) the re-
sults obtained 1n the studies of the heart rate
ale shown 1n Figures 34 and 37 1 the form of
geatter diagrams When the highest heart rate
attained 1 maximal work was plotted against
age, the range was from 210 beats per minute
for the younger subjects to 155 beats per min-
ute at the opposite extreme, 1 e, for the older
subjects (cf Tigure 34) The median pulse
1ates 1n ¥igure 35 show the same geneial tend-
ency It i1s of special imterest to observe in
Figure 35 that tlus tendency was mamfested m
the younger subjects even while waitmg to get
on the treadmill before the experiment began
On the average, therefore, 1t appears that the
younger sub)ccts tend to mamifest more flexi-

" Iiobinson 8, Experimental Studies of Physlenl Fitness
in Helatlon to Age Arbeltsphysiologle Vol 10 pp 231-124
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ble or less stabilized cardiovascular systems 1n
regsponding to a fixed stress such as running on
the treadmill

It 19 nteresting, and quite relevant probably,
to compare the results obtained in the above ex-
periment with the response of older subjects to
the stress of oxygen deprivation encountered
during flights to high altitudes Three groups
of subjects were compared during a rapad ascent
to 14,000 feet This altitude was selected sinee
1t seemed to be high enough to accentuate dif-
ferences 1n physiological and psychological
make-up and adaptabihty

The groups varied 1n age as follows (1) 50
subjects, 17 to 30 years, (2) 15 subjects, 30 to
45 years, and (3) 16 subjects, 45 to T2 years
As mdicated previously. the younger men were
all college students or graduates from the Uni-
verstty, and the others were bhusiness and pro-
fessional men from New York City

The resulis of the tests for pulse rate, systolic
and diastolic blood pressure, end alveolar air
are shown i Tables &8 9, 10 & 11, respectively,
The average increase in pulse rate for each
group 18 plotted 1n relation to time 1n Figure 36
The results indicate that the older subjects show
less extreme circulatory responses to oxygen de-
privation as mamfested 1n pulse 1ate per minute
than the younger subjects This observation 1s
1n agreement with the findings of Robinson and
Dill m regard to increases 1n pulse rate under
conditions of maximal work We also observed
that the younger subjects were more susceptible
to faintmg under low oxygen than the older
subjects

The group differences in systolic blood pres-
sure were not very strilkong, as shown i Figure
37 There was a general tendency, however. for
the diastolic blood pressure to increase toward
the end of each experiment 1n the 45 to 72 age
group In the age group under 30 years, the
diastohe pressure showed a higher mtial 1n-
crease than was the case with the two other
groups The partial pressure of oxygen m the
alveolar air was, on the average, higher in the
45 to 72 age group than in the two younger
groups throughout each experimental period
(cf Table11) The dafference was 44 mm Hg
durmg the second hour Since the respiratory
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and cardiovascular responses were less extreme
i the older subjects, 1t 15 not surprising that
the partial pressure mn the alveolar air was sig-
nificantly higher

In comparing the results of the three age
groups m the paychological tests (¢f Tables
13, 14, and 15} the average impairment 1n the
color naming, cede, and phoria tests was no
greater for the 45 to T2 age group than for the
two younger groups ‘The older subjects, on
the average, made poorer control scores than
the younger ones, however, 1f one takes the
percentage of change of the low oxygen series
compared with the control index of 100, then
the imparrment shown by the different nge
groups was of the same mapgnitude
VI Results of the Experiments Dealing With Physical

Fitness in Relation to Acchmatization to High Alti-
tudes (Part III)

1 Rate of ascent and alfrtude wn relation to
physwel fitness —In this part of the experiment
an attempt was made to contrast the effects of
rapid and slow ascents to high altitudes 1n the
same group of individuals An attempt was
made to secure subjects varymg i physical fit-
ness so that the ones 1 traming could he con-
trasted with those in poor physical condition
Such an experiment seemed relevant to some of
the practical problems encountered 1in commer-
cial aviation simce many passengers acclimatize
fairly easily to high altitudes during slow as-
cents but are quite severely influenced by the
reduction 1n oxygen pressure during rapid as-
cents The partial pressure of oxygen was
varied so as to simulate altitudes of 16,000 feet
within 30 minutes (rapid ascent) and 1 hour
and 13 minutes (slow escent) The group was
also studied during a rapid ascent to 12,000 feet
withmm 15 minutes Previous experiments had
indicated that very slow ascents to 12,000 feet
would probably cause only munor variations 1n
the tests

The subjects ranged m age from 19 to 25
vears They were selected at random from a
group of students 1n Columbia College and the
College of Physicians and Surgeons None of
them was suffermg from any known orgamec
alment As far as could be judged from the
physiological tests of “fitness” like the Schneider
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Index, basal metabolism, and vital capacity,
they were quite representative of the “average
run” of young college men, the group containing
several subjects 1 rather poor physical condi-
tion and a number 1n unusually good physical
condition (For example, Houston, subject No
10 (cf Table 23), an experienced mountaineer
who climbed to an altitude of 25,000 feet last
summer on a Hmmalayan Expedition) Each
subject came to the laboratory three times, fol-
lowing the mitial practice sessions, at intervals
of approxamately one week The subjects wera
very cooperative throughout the series They
were not informed as to the purpose of the ex-
periment until the end

The general reactions to the three different
rates of ascent may be briefly summarized as
follows

Rapud ascent, 16,000 feet —Five of the ten
subjects collapsed and one approached collapse
In three of the poorest subjects collapse oc-
curred at the end of the first hour and the other
two toward the end of the second hour One
subject, No 8, developed very marked tomic-
clonie cramps from his lower extremrties up-
ward and had to be removed from the cham-
ber TUpon bemg removed to the air and
breathmg a mixture of oxygen and carbon
diwoxide, these reactions became markedly n-
tensified Collapse 1n the other cases was ac-
compamed by sudden and extreme changes in
either pulse or blood pressure

Slow ascent, 16 (000 feet —This rate of ascent
seemed to allow more time for acclimatization,
and 1n general the responses of most of the
subjects were less severe Only two of the
subjects actuelly collapsed during this series
Four of them, however, were imparred suffi-
clently to do rather poorly in the tests

Raped ascent, 12,000 feet —None of the sub-
jects collapsed 1n this series of tests Subject
No 6, however, the one who developed the
severs cramps during the rapid ascent to 16,000
feet, had to be removed from the chamber be-
cause of a sumilar kind of response The al-
terations 1n pulse and 1n blood pressures were
only shight and usually returned to more normal
values toward the end of each experiment

There were only very slight changes mn the
psychological tests m this series

In the treatment of the data the subjects
have been divided into two groups, 1 e, the
“fit” cubjects or those who adepted easily, and
the “unfit* group or those who reacted badly
In this way 1t 1s possible to contrast the ex-
tremes 1n physical fitness

In Table 19 the effects of a rapid and a
slow ascent to 16,000 feet 1n the various physi-
ological functions are contrasted The average
differences m pulse and blood pressure are not
great largely because the extremes tend to can-
cel each other and give somewhat similar
means Inindividual ceses the differences were
very great Durmg the repid ascent all of the
subjects were affecied, the “fit” ones consid-
erably less than the others largely because they
became acclimatized during the second hour
of each session

Taprr 19

COMPARISON OF RELATIVE EFFECTS OF RAPID AND
SLOW ASCENTS ON PHYBIOLOGICAL FUNCTIONS—I16 (100
FEET

Systolic
Pulss | blood | Al¥evlar | Alvoslar
mjger prossurel &} mp  |Pharts !
utel) (= | He He)
CTRE = = =
AHEBEH B
Alma|R(f|l M| @ | A | & |[~8|=
Control 77| 80| 108| 118(104 6|104 5| 20.4| 30 4 27 27
First hour _ 87 84| 110 108 ¢z 8| 47 8| 21| 3L 1| 1 6] 7
Becond hour B4 RS 112] 100 308 4163 D 387 18/ 16
End . .. _.| T2 78 107 108 | |
| |

t Daviatlon from control in prism dlopters

TapLE 20

COMPARISON OF RELATIVE EFFECTS OF RAPID AND
SLOW ABCENTS ON PSYCHOLOGICAL FUNCTIONE—

16,000 FEET
Codo teat | CY1T DA [ Reggtion | Dotting
{tlme In (time In time (1100 | teat (hom
seconds) Seou, seconds) ber hits)
= = = =4
Sl e 5B || 2|k
sl | ezl |2 |=2]|2
Confrol - 109 0] 108 0| 48.6| 48 5| 40 0| 40 B 297 O 24T 0
Flrst hour - 130 6| 1220 81 4| 53 8] 43 3| 44.1; 281 0| 278.0
Second hour 145 0| 133 0| &ﬂﬂ‘ 67 5| 473 44 5 202.0| 204.0
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Tanry 21 —Comparison of the Dhfferential Effect of Three Runs on Physiological Funetion

of a “Fit” Group (A) and An “Unfit” Group (B)

I ~vetphic blomd Alveolar pOy Alveolar pC 0y »
Pulse (por minut, prossire (min Hg) (mm. He) (mm i[,.) Tharla !
A he) A ! A ‘ B A | b 4 ‘ n
J
16 00 Tenl rapid
Lonwrol 7 7 110 10, 100 7 1053 2 36 0 36 2 -
First hour &3 90 11 105 41 3 44. 2 WA 43 1 11 20
Socond hour 81 E7 111 11% ENI] 306 13 4 45 L3 20
knd 7 65 106 107 -
10 000 feel slow
Control AD ) 111 113 w57 109 2 3t a 38 2
Flirst haur a1 H7 1049 107 45 4 40 8 32 M0 0 14
Second hour 7 JtH] 110 107 43 7 400 o 338 ‘ 143 7
knd 7 il 106 108 [ - - ,
12 000 feet mpll
onlrol  _ 7d k] 115 103 i 7 109 2 36 8 J6 2
First hour Rl 70 114 Iy 551 67 9 15 5 3513 7 7
Soennd hour - 76 Yt 10 112 5716 51 34 33 4 11 10
End , 7 7 110 115 - -
|

L Drovietlon from contrel 1a pmsm dlopters

The 1elatne impatrment 10 the psvchologacal
tests 1n the slow and rapid ascents 1s shown
m Table 20 The Code test one of the mot
teltable simce 1t mvolves very sustamed and
acculate attention, showed a significant differ-
ence as well as the Color Naming test  The
differences 1n the Chowce Reaction and Dotting
tests were only <hght <nce the subject conld
ficquently conceal the effects of the ovygen
lack by exerting greater effort

TaprLe 22

COMPARISON OF 1HF DIFFERENTIAL EFFECT OF 'HREE
RUNS ON PSYCHOLOGICALFUNCTIONS OFA FIT GROUP
(A) AND AN UNFIT GROUPFP (B)

Cplor pam Resction
gog:mggg;g ing (hime | tims (14109
n secondst  geeands)
A ‘ B A ' B 4 B
16 001 fent Thp1d
Contrul 104 i1l 47 50 (99 8" 421
First hour 131 115 L6 62140 &7 0
Second hour 128 162 af 458 I8 7
16 000 feaf slow
Control 1048 il 47 50 | 39 & {21
Flrst hour 1ig | 125 51 58 423 40 9
Yecond houar 120 | 140 6 a0 | 42 3| 48 o
12 000 feat ripd
( gntrol 104 111 47 ‘ S0 104 42 1
Fi{rat honr 117 | 130 54 | o | 42 | 451
& cond hour 128 | 149 [i%] ‘ 51420 | 47 4

|
|

In Tubles 21 and 22 the effects of the yvanons
tates of ascent on ihe phj<iological and p~ycho-
logical tests for the “fit” and “unfit’ ubjects
ate contrasted The differences 1n the pulee
and blood pressure were less extreme 1 the

group that adjusted most ensily , the same tend-
ency was noticenble m the phorra te-t of ornla
muscle balance

The differences in the psvchologieal tests
between the various rates of ascent and heighl
attained are quite significant  In the Code
test, for example, the mean score was 128 fau
the ‘fit > group and 162 for thowe who adapled
less pasily

At the end of each experimental session the
subjeets r1ated their physiclogieal and p=ycho-
logieal changes m accord with the guestions
I'able 16 The frequency with wlneh each sub-
ject was affected 1n various ways by the oxvgen
deprivation 1s indicated in Table 23 Tt 1s ob
110ms that the rapd ascent to 16 000 feet cansed
A preater amount of discomfort than the <low
ascent  The total number of complamts m the
rapld ascent to 16,000 fect was 735, 1 the slow
ascent to 16000 feet. 592 and in the rapid
ascent to 12,000 feet, 35 Figure 38 shows the
handwiiting of <ubject J at the fime he col-
lapsed following the raprd ascent to 16 000 feet
Figure 39 shows the running account of {he
same subject’s subjective symptoms during ihe
expernnent af 12,000 feet (rapid 1un)

A careful record was kept by each subject
of the after-effects of the oxvgen depiivation
In the =ubjects who collapsed the headaches,
nausea palpitations, pamn in the che<t, and
muscenlar twitchings lasted from one to len
houts  Even 1w several of the subjects who



reacted ensily, some of the after-effects men-
tioned above were noticeable for one to two
hours later

In Figures 40 and 41 the results of expert-
ments corried out by McFarland (44) on trans-
Andean aeroplanes and trnans are contiasted
telative to rate of ascent Figure 40 shows that
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TasLE 23 —Physiological and Psychological Complaints

[Complaints as checked by ihe ten sub)ectd atter each of the three rans  An x represants o complalnt, 7, not sure & blank means ne complalnt]

l 16 000 [set rapid |

16 000 leet slow 12 000 feet repld
Complamnt? ‘ | [ ‘ i | [ ‘ 3 ]
1 2|3, 4|86 7 |8 0/[10 § 1 2,3 |4|5|68)7 |8 GO : 1 234|587 |80 E*o
| [ N S R | I _ — _ _
|
| Plx|lx|x|x|x x|x 707 x|x|=x x X [ Tlx|” x| x ‘ 3
2 x| xlx|x 4 Tlx|? L x 1
3 b ¢ 1 0 [
4 X x|x|x|%|x x| 7 I x x 3 » [}
fi ? X X, X |- x X 3| ? x is 1 x X 2
8 _ T 1 : 0 el [ o
7 X|x x x 4 T|x|x © 4 X|x 2
A _ Plxly|x|x|x|x|xlx|x] B[]« X x| x|lx|{x| 6 x LY X|x|x i}
o 0 Q 0
L] 1 1 ] 0
1 I x *lelxlx|x x| 7? x T > 2 x|¢ x| |2
12 _ Tl x x| x x x| x| 8 x x T 3 4 [ |
13 x X |x| 4 X X 2| X X A 3
14 x| 7 1 I 1 X 1
15 X x I|I|X 5 I|x X 1 X X ? 2
16 x I|x X x 5 x T X x| | 4 x 2 x T2
17 x|? 1| 2 b4 1 x 1
18 . x I x| 4 X 11?7 x 1
19 |z 1 )} _ s [
pal} I|lx I x x 5 X I 2 x X 2
21 1[I b ? x 3 x| |xvx| 4 x ? 1
2 - I x|¥|x T[x|x|x| 8 X I xr v, 1 T ] T - ]
px] X ? x| ?)x]x L] rlx 2 I b ¢ I 7
24 T X 1 x 1 | X 1
23 I X 2 H X | 2 x _ | 1
28 1|7 1 0 i l 0
27 x I I a 1Y x - 2 . L ! 1
p-:] T|x ? A= x x x| 4 x ? 1
20 Q _ X 1 0
30 |7 I 2 ! ‘ X 1 ? x 1
Total 1| 13| 12 10| o 13| 18t 9| 15| wjas]| o o s 8 5 |14 5| o 5 60| 1| 6 3| 5 413 1 & |3
| |
1 Not run

3 The vorious ltems 1llsted In thls column correspond to tho complalnts a8 shown in table 16
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the relative increase i pulse rate and systolie
blood pressure was greater i the plane when
an altitude of approximately 16,000 feet was
reached m 20 minutes compared with the more
gradual ascent by train to sumilar altitudes
The same tendency 1s observed 1 Figure 41,
where three rates of ascent to similar altitudes
are contrasted, 1 e, by plane 1 20 minutes, by
tram 1n 6 to 8 hours, and during gradual ac-
chimatization over two months (c¢f McFarland
(44), International High Altitude Expedition,
1935)

2 The response of the psychonewrotic group
te low ozygen—This experiment deals with the
responses of 30 normal subjects and 35 psycho
neurotic patients to variations i oxXygen tension
m a low oxygen chamber at sea level Each
subject was tested under control conditions or
m normal air (21 percent O,) and in 103 per-
cent oxygen, corresponding roughly to 18,000
feet In addition, each subject was given a
series of physical fitness tests as a basis for
classification The results of these tests are
shown 1n Table 24 (47)

a. The subjects —The control or normal sub-
jects ranged 1n age from 19 to 30 years and the
neurotics from 18 to 35 years The controls were
undergraduate and graduate students in Colum-
bia University or instructors and technicians
For the most part, they were 1n good or average
health, with normal habits of sleeping, eating,
and exercise, and without known organic de-
fects.

The patients were psychoneurotics selected
from the Vanderbilt Chnic on the basis of
chronie “fatigue and exhaustion”, this syndrome
being charncteristic of all of the patients They
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were diagnosed (withm the more general
psychoneurotic clagsification) for the most part
as (1) neurasthema, (2) anxiety state, or (3)
anxiety hysteria They were all ambulatory,
cooperative, and of a fairly high level of intellr-
gence, most of them bemg students or of the so-
called “white collar” class They were, on the
average, in poor physical condition, but mani-
fested no organic milments following repeated
examinations by the clinicians

b The epperimental procedure —The subjects
came to the laboratory under basal conditions
Following a half-hour rest, a sample of blood
wad taken Then the subject entered the cham-
ber and was suddenly exposed to the variations
in the partial pressure of oxygen  The
Schneider Index of neuroarculatory fitness was
given first, followed by a series of six psycho-
logical tests At the end of the experiment a
second sample of blood was taken m the cham-
ber end the subject was sent home In cage the
subject’s response was severe, 1 e, either col-
lapsing or approaching collapse, & small amount
of oxygen was admimstered to facilitate the
adaptation The average expermmental run
lasted two hours

None of the subjects was informed as to the
nature of the experiment. The control sub-
jects were sunply asked to volunteer for an
experunent being given n an air-conditioned
room The patients were asked to take a series
of diagnostic treatments in attempting to de-
termime more premsely the nature of their
1lness

In an attempt to Judge the reaction of each
mdividual to the dimmution 1n the partial
pressure of oxygen, each subject was rated as

TapLE 24 —Tests of Psychological and Physiological Fitness

Normal subleota | Payehonearotlo patients
Mean 8D Range i Mean } 9D Rangs
|

%Jx —— - _ 24 - A tod ! 7 10 to 35
0 MantnlAbﬂitmit(I Q - - - 128 a2 11710 183 | 106 98 80 to 131

reniter Parsonality Iﬂventory (BI-N) - - - _ 41 |- | 188 - -
Baaul Maetabollo Rate ; — . - - - | —B{) —1to —19 | —12 (21) |__ - —3 th —22
Basma] Metabolic Rate (4+) - - - - - - A — +2toL1d | 014 |- +1 10 421
Vital Cn%city {o0) . - - - - - _ - | 3800 to 6200 4100 2800 to 4700
HoldIng Breath (In seconds) _ - - 74 72 80 to 192 45 11 a8 to 102
Schneldar Index _ . e - o - - . +12 1 190 440 to +17 +70 19 —3to +13

1 ngh score indleates greater degree of emotional instabllity
! Fignres in parentheses Indleate nomber of qubfects



i the demiee of nupanment based on Lhe
following c1iteria

1 Adapted eusdy, a ugh degree of dap-
tation, characterized by well-controlled
imereases o pulse aml blood presswe
graduallsy to fairly noimal
tenctions and gquute noitmal 1eactions 1
the psydiological tests
Sereus pmporrment, but able to continue
the tests  Marked vaiiafions wm pulse and
blood pressure, and paoot 1esponse to psy-
chological tests  Physwal complants of
headache nnd dizziness, cold extremuties
flushing of face, pupilary dilation, ete
Shght mmparrment 10 psychologieal tests
with 1nciensed valiability
Impending collapse, followed by removal
or oxyvgen mhalation  Extreme vaiiations
m pulse and blood pressure, vertigo, se-
vere headache and drowsiness, and sensory
and motor 1mpairment
Collupye, necessitating oaygen mhalation
or removal from chamber The cardio-
vescular 1eactions were characterized by
eithet a sudden full 1 pulse or blood pres-
suie, the one usually closely accompanying
the other  Tu these patients the failure of
the 1espiratory center to respond to the
orygen lack appeared to be a very impor-
iant factor

In Table 25 the pelceutage of each goup
reacting nccondmg to the above ciireria s
tabulated

returning

TaBLE 25
DEGRFF OF ADAPTATION

Normal Psychoniu
subjects rolles
Perconlage TPercentage
4 dJuslel easlly 40 15
“erlous Linpairmont e} 20
lmpending collapse 13 21
( ollipse 44

1i|

Table 25 shows that the psychoneuroties were
more acutely impaired by the oxygen depriva-
{1on than the contiol ~ubjecte  Over 44 percent
of the patients collapsed within the first 20 min-
ntes and only 14 percent of the normal subjects
The effects were sufficiently accentuated, how-
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ever, 1n both groups to indicate the danger of
sudden exposure to i paitial pressine of oxvgen
corresponding to 18,000 feet

The most common alteralions 1n behavim
obselved or complained of weie sleepiness,
vuwning tremois of the facial myscles o1 fin-
gels, veltigo, headache, periods of sweating o1
coldness (especially 1m extremities) apathy and
indifference, loss of eapacity for «lose attention,
unpairment of sensory functions umestiicied
talling o1 laughing and loss of memory judg-
ment, and gelf-criticism

¢ The cordiovascwlar reactions—pulse and
blood pressure —The Schneider Index of curdio-
vescular fitness was given to each subject as soon
as the partial pressuie of oxygen i the chember
wae adjusted (withm 10 to 15 minutes) In
Tables 26 and 27 the mean score on the
Schneider Index and the standard deviation for
each part of the Index 13 summarized fou the
normal and psychoneurotic groups respectively

Upon exammation of the fables, one finds
that the mean Schuerder Index for the normal
gioup was 127 1 nu, and 87 mn 103 percent
oxygen The mean Index for the psychoneu-
rotic group was 70 m ar, +4 8 for approxi-
mately 40 percent of the subjects 1n 10 percent
oxygen, and —4 2 for the other 60 percent Ac-
cording to Schneider’s obseryations on nvintors
70 01 below indicated ‘unhitness,” and the pilots
were “grounded” o1 given a vacation  The
effect of the oxvgen deprivation was more severe
on the “nervous” subjedts as compared to the
normal ones These resulis indicate that the
psichonemotics manifested a definife unftness
i their cardiovascular reactions compared with
unselected noimel subjects

In analyzing the mdividual paits of the Tn-
dex the resting pulse 1 the control group aver-
aged 62 m air and 76 1 10 percent oxveen, while
the 1estimg pulse 1n the patien(s was 70 1n air
and 82 m 10 3 percent oxyren  [he change m
the pul=e on standing and after exercice was
more extieme 1 the case of patients compured
with the controls  In the patients we obsersed
a constderable number of pulee rates which
decreased on stonding and after exercise  Ulus
seems to indicate 1nefficlency and a defnite
failuie of the cirrulatory sistem to respond to



the extra physical effort This was especially
noticeable just previous to collapse m the 103
percent oxygen serles Ixtreme veitigo and
dizziness on standing ot after exercise was also
accompaned by a sudden fall in pulse rate
The systohc blood pressure 1n the patients
was shightly higher than in the normal subjects
The extremely high and low blood pressures 1n
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the patients tended to cancel out each other and
give & more normal mean than was actually the

case This variabilhity 1s reflected 1 the greater
standard deviations 1n the scores for the
patients

The most striking difference between the two
oroups 1n gystolie blood pressure was the tend
ency on the part of so many of the patients to

TapLe 26 —Cardio-Vascular Reactions of the Psychoneurotic Group Measured 1 Terms of the
Schneider Index

Control | 18,000 feet
Mean 9D | Mean gD

Schnelder index - - - ap a8 { 7?% g g
T*ulde reclining I g 8 11 § 491 8 17 4
Pulse standing - _ B7 2 11 5 ®a 16 &
Palse increass on standing 16 2 8 4 (@2 1% 13 8 2 3 (439, 1)
Pulse decrease on standlong 4.4 [elisR 91 14 7 (208 1)
Pulse no change on standing (8% 1)
Pulsa after exerclso 1M 8 14. 4 028 poA]
FPulse Increase after exorclss - 17 9 9 1 (92% 1; 196, 14 1(11% 1;
Pulee dearcase - _ _ a8 (B‘%l 18 0 12 6 {7191
FPulse no change _ - (2‘% 1)
Pulas thine to return to normsl (secs ) _ B9 B 60

Yystolie B P reclining - 113 7 127 107 4 14 7
Systolle B P gtanding 107 141 7 149
B T increase _ 50 186 (2% B A 47 (8% )
B P decrease - 60 375&557 1; 156 18 7 l;
B ¥ no change - - 105 1 - 1097 !
IMastolle recllnlng _ _ _ . Vil 148 8 &0 15 2
Diastolle standing . _ _ 837 11 2 1 140
Pulse presanra reclining _ 344 80 41 8 118
Palse pressure standing _ - il 8.3 3 B6
Pulse pressure Increass 52 24 (égz'q 1; 77 le Ell 1)
Pulse pressure decrease, _ - 100 64 1 13 4 18 0@ Y
Pules pressure no change _ - _ _ (-1‘% 1) | (2% 1)

! Percent of the group showing an Incresas, decrease, or no change

TasLE 27 —Cardio-Vascular Reactions of the Control Group Measured in Terms of the Schneider

Index
Control 18,000 feet
Mean S D Mean 3 D

Schnetder Index _ - 127 17 a7 2.4
Puisa rechinlng _ _ 81 @ (R4 785 a4
Pulse stendlng _ - 758 B4 84 2 95

ulse increase on standlng - 13 3 47, 11 2 72
Pulse alter exercise_ LI el 104 0 12 8
Pulse inerenss after exerclas 143 471 18 3 70 (Bﬁﬁ 3]
Pulse dearensa after exercise ' 120 (5 1)
Pulss tlme to retarn to normal (sees ) 116 § o 1me
9ystollo B P reclining 110 5 N 113 7 10 2
S8ystollic B P standin 111 8 84 107 0 107
I P increase gn at&nSIng 41 20 (795 1) ar 27 (19? ]
B P decroase on standing . e 24 (115, 1) 01 6 1{689% )
T P no chenge on standlog (13, 1)
Diastolle B P reclining _ 706 84 w7 103
Dlagtolle B P standing Bl O g2 69 4 122
Pulse pressure reclining i<l 70 43 3 13 4
Pulsa pressurs standiog 3089 74 asa 151
P1ilse pressare Increase _ _ 12 2 5 (215, 1) 1219 ] (21‘;7; 3]
Pulse pressure decrenss - 52) 18 (&82%N o4, 82(%YH
Pulss pressare no chonge %D {8°: 1)

1 Percent of the gronp showing an Increase, decrense

or no change 1n blood pressnre



show a decrease on standing isther then an
increase  Tlus cccurred mn over 50 percent of
the patients 1n air (20 percent of the normal
subjects}) and 62 percent of the pattents mn 103
percent oxveen (45 percenl of the normal
sihjects)

In analyzimg the 1ecords of 1,050 altitude
classification examinations from the tebreathe
tests ennen during the World War, Schneide:r
and Truesdell (55) reported two kinds of sub-
jects, the farnting and the nonfainting types In
the fammbhng type (46 7 percent falling into this
classification), there was frequently a sudden
fall 1n the pulse or blood pressure just previous
to collapse, while m the other group (53 3 per-
cent) there was a well-controlled reaction until
tho ve1y end of the 1ebreathing test The alti-
tudes at whrly members of the two groups be-
came wholly 1mefficient are 1indicated 1n the fol-
lowmg table (from Schnerder and Trues-
dell) (65)

TanrE 28
ding &l Percent of PLrnulit of
Corresponding alti | nonfoloting| falnting
Lowest onyeen bl | tude Ta Test (000 | group that oD st
v » 1 PE cmitted) became 1n me In
efficlent efficlent
11-12 16 17 o7
10-11 17 -18 6 od 7
010 19 §-22 12 130
8-9 22 25 _ 130 H &
-8 15 28 40 1 41 7
Below 7 Above 28 _ - 45 2 130

work invelved in standmg on a chau bemng
much more dufficult for a <hott pei~on than fo
a tall one, and (4) 1t 18 not standardized m
relntion to age

T'aprE 20

BIOCHEMICAL DETERMINATIONS OF THE CONTROL AND
PSYCHONELROTIC GROUPS

Cantrsl 1B 000 feet
|
| Befon. ! End | Before | Fnd
Larde acld 1n blood l
Control
Meon 1832 16 %6 10 M4 20 38
Standard deviaticn 234 2.55 2 4,04
M ourotics
Mean - 17 20 17 81 18 41 24. 15
Standsrd deviation 2.46 243 2 57 4, 5
Sogar In bleod
Cantrel \
Mean o616 | PA.BS | BO.35 | 100 39
Standard deyiation 548 6 84 43z 6. 50
Nreuarmties
Mean 8240 | 590 BE | @1 59 85 57
Stendard deviatlon T G0 78 B T2
Inorgank phosphorus In geram
Control
Mean 4,08 4 38 416 412
Standard devlaticn 63 [} 80 | 50
Neuratles H
Mean 424 in 4 44 417
Standard doviation - ™ Fid B4 | 91
Creatinine (n bleod !
Cantrol
Mean _ 183 1487 1 62 L7
Standard deviatlon 20 21 20 24
Nourotles
Mean - 147 147 151 1 6d
Standard dovistlon _ 14 15 1B 21
Caleiam In serom
C putrol
Maan 10 40 10 35 10 Bl 11 056
Btandard deviation 114 130 100 1 a8
Neourotles
“Maan B B4 10 40 10 46 9 40
Standard deviation 187 173 172 260

In the experinent 1eported here, many of the
psychoneurotic patients apparently belong to
the famnting type in that we frequently ob-
served either an uncontrolled mse or fall m
pulse o1 blood pressure upon stauding or after
exercise

The Schneider Index appears to ba of value
m detecting unfitness, but 1t should be used with
additional measures 1n the case of borderline
subjects or thoss who fall in the middle range
of a series The test should be revised =o that
the following objections will be taken into nc-
count (1) 1t gives an undue advantage to sub-
jects with a slow pulse rate, (2) 1t doeg penalize
the subject who shows e significant fall in pulse
rate on standing or after exelcise, (3) 1t faulsto
talte 1uto account body height and weight, ithe

d The bwochemical determanations —At the
beginming of each expermmental session a
sample of venous blood was taken after a half-
liom rest period (fasting state) n air, and
again at the end of each period (approximmately
two hours} In this way 1t was possible to
compare not only the variability of each indi-
11dual following repeated blood samphng, but
also the variability of the groups, as well as
any changes due to the anoxemia n the 10
percent. oXygen series

'The results of the biochemical tests are sum-
marized 1 Table 29  On the whole, the dif-
ferences in the means between the two groups in
a1r compared to 10 3 percent oxygen do not show
striking differences In a number of the pa-
tients there were more extreme changes n the



lactic acid 1n low oxygen and wider fluctua-
tions 1n bleod sugar than 1n the control sub-
jects Possibly this may have been associated
with an 1mpairment of the sympathetic ner-
vous system 1 the patients or more extreme
discharges of adrenalmn and the consequent
mohihizatron of sugar The lactic acid deter-
minations 1w the control group were, on the
average, lower, and the snrabihity less, than
1 the patients Many of the patients tended
tomard the lower range of normal 1amation n
sugar (normeal 80 to 120 mg percent) The
relative increase 1n sugar was greater for the
patients in the low oxygen series This was
also noticeable 1n the caleium determinations,
especially 1n the low oxygen series The deter-
minations for hemoglobin (resnlts not shown
in Table 29) were made only imn the low oxy-
gen series  There was an average increase of
between 4 and 8 percent 1n both groups, indi-
cating that the percentage of increase 1n hemo-
globmm 18 only of minor immportance 1n facili-
tating adaptation in flights of short duration

The most striking difference between the
two groups was in the greater individual and
group variability of the patients, reflecting an
organic mnstability as well as greater difficulty
i meeting “emergency” situations or reactions
mvolving stress and flexibility of adjustment
In the “nerivous” patients the 1eactions to high
altitude are probably accentuated because the
sympathetic nervous system, which 18 usually
impaired, 15 the one most actively involved in
bringing about changes in circulation and
respiration to adjust to the duminished oxygen

¢ Psyohological tests —In an attempt to get
a more objective record of each subject’s adjust-
ment to the variations in oxygen tensions psy-
chological tests were given involving quickness
and accuracy of motor coordination judgment,
perseveration, and attention, or capacity to
carry out standardized mental tasks In addi-
tion to the objective tests, a record was kept
by the experimenter of any ob1ious changes 1n
mood or emotional reactions ac well as altera-
tions 1 motor coordination tremors ndiffer
ence or lethaigy, ete

The results of the psychological tests are
shown 1n Table 30 On the average, the pa
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tients were more geverely affected by the oxy-
gen deprivation than the normal subjects The
mean scores ale not only lower, but there 15
also a donsiderable merease 1n the varability
{standard deviations) and the errors Both
groups, however, were severely impaired 1 the
psychological tests by the anoxemia, indicating
a general loss of sensory motor, and mental
alertness Lhe psychological tests reflected the
impairment of the circulatory and respiratory
mechanisms and the consequent lack of oxygen
being delivered to the central nervons system

TapLe 30
I'SYCHOLOGICAL TESTS
A — Normal Subjects—B = Pgychoneurgties

Cantrol 18 O foct
Teals Stand Stand
Mean | ard de- | Mean | ard de
v1atlon viatlon
Color naming !
A 50 £ a0 70 4 52
B 89 0 i1 B2 B 58
Porseveration !
A—TFlrat hour 7L 0 611
Second hour 03 ™7
D—First hour 91 714 _
Bacond hour 04 | 001
Cholee reaction *
A 41 22 417 43 59 4 67
=] B BS 813 A3 36 8 80
Pornolt meler 1
A—Flrat hour i 74 324 B0 18 705
8econd hour fl 12 48[ 73 527
B—FImst hour 78 46 8 67 B0 67 14 B9
Second hour 6 o8 sS40 | 1407 8 38
Dotiog leat
A 12, BY 261 12,62 411
B 11 44 3 43 B 77 339
Code Llest 1
A 128 92 6 84 | 143 38 B. 45
B 174 o4 946 | 203 98 BB

1 In seconds

2 In hundredthe of a second

! bepre In amount of devlation

¢ Hcore 1n number correet per second

YII Results of the Experiments with Excess Carbon
Dhoxide (30 percent) 1n the Low Oxygen and Low
Pressure Chambers (Parte IV and V)

In this part of the mmiestigation an attempt
has been made to study the effects of high con-
centrations of carbon dioxide in the presence
of u deficiency of oxygen in the inspired air
Ag described 1n the introduction, one of the
initial respiratory responses of the organism to



low oxygen 18 a marked wncrease 1n the tate
and depth of breathing, which tends to upset
the equalibrivm of 1he gases 1n the alveolar au
particulaily the carbon diozide Y Ilender-on
(31) and others (284, 23, 22) have stressed the
possibility of counteracting the effects of oxy gen
want, by excess carbon dioxide The value of
using muxtures of 7 percent carbon diozide and
93 percent oxygen in ca1bon monoxide poisonimg
and 1n various clinical disorders, where failure
of respiration 1s an mmportant syndrome, has
been fairly well established No thorongh
studies have been made of the blood gases and
psychological changes, however, of normal and
excess amounts of carbon dioxide 1 the presence
of a deficieney of oxygen This problem seemed
to be of particular relevance 1 high altitude
flymmg 1n avation and 1n the use of sealed cabins
mn commercial air fransportation

Three different experiments have been car-
ried out relative to the hypothesis that the
presence of two to three percent carbon dioxide
may stimulate the breathing so as to aid the
uptake of oxygen There was the possibility
that 3 percent carhbon dioxide for 3 to 6 honrs
mmight be very uncomfortable and have certain
Lharmful cffects Ioven 1f there were no ad-
vantage 1 the uptake of oxygen, therc was
the possibility thet the excess carbon dionide
would incrense the pulmonary ventilation so
that sealed aeroplane cabins could be more
easily equipped for operations at hugh altitude

1 In the experiment at Columbia four sub-
jects, somewhat below average 1n general phy=1-
cal condition, were tested under the following
conditions m the low oxygen chamber first, in
approximately 11 percent oxygen (17,000 fect)
with 05 to 08 percent carbon dioxide and
second, m 9 to 10 percent oxygen (19000 to
22,000 feet) with 30 percent carbon diexide
During each period a series of psychological
tests was admimstered to each subject Mr
H T Edwards collected samples of arterial
blood and alveolar arr The 1esults of the
psychological tests are shown in Tables 31 and
32, and the physiological tests and biochemical
determinations in Tables 33 to 86, inclusive

In the psychological tests all of the subjects
were significantly impaired in the presence of

oxygen lack with a fairly noimal eoncentra-
tion of carbon diomide The mean arferial
oxygen saturation dropped o approximately
B0 percent, and the partial pressure of oxygen
in the alveclar air to 4045 mm Hz Two of
the four subjects had to be removed from the
chamber toward the end of the two-hour ex-
perimental sesston and a third dexeloped severe
tonie-clonic muscular twitches  When the ex-
permnents were repeated with 3 (0 percent car
bon dioxide, even though the oxygen percent-
ages were approxunately 2 percent lower, 1 ¢

5,000 feet higher, the arterial oxygen saturation
remamed elevated to approximatelv 80-85 per-
cent and the partial pressuie of oxygen in the
alveolar nir to 45-50 mm Hg All of the sub-
jects did better n the psychological tests in spite
of bemng approximately 5,000 feet higher (cf
Table 31) The subjects were also more com-
fortable and complained of fewer unpleasant
symptoms (ef Table 82)

Tere 31

PSYCHOLOGICAL TESTS—EXPERIMENT IN LOW OXYGFN
AND WITH 30 PERCENT COy [N CHAMBER

Calor naming Mem
Code ory
Condltlen Tim Tlme | 10-per
] m Sec fect
e | FTTOTS 560Te
Berman
Control - - - a2 1 104 B
”Z" Oy 1089, COy
Irst hour _ 0 7 141 4
Jecond honr_ - 72 5 125 5
10% O2 341 0%, 00,
First hour . 64 3 107 )
Becond hear - - ] 2 128 8
Frledmon
Cantrol i) 2 108 7
11% Oa %, COa
It hour 47 13 118 4
Second honr - =50 7 130 3
10% 0243 0% COs
Fcll'st bour _— 49 4 108 i}
Seecond hour 52 3 112 5
Jerome
Control - 51 2 13D -]
11% 0240 8% C0g
firat hour - 3 7 176 z
3econd hour _ _ - &0 b 172 2
6% 0:342 0% 0Q0:
First hour _ - . 54 2 145 3
Second hour _ 59 3 141 4
Rolehline
Contrel - - 25 2 110 7
115 0540 8% 004
Flmt hour - - . _— 42 10 1p0 3
Second hour . _ - _ 48 7 158 2
0% 0243 0%, OO0y
Trirat hour . . ap 7| 1 i
Second hour . - 40 3 120 5
1

111 pereent oxygen enrredponds to epproximately 17,000 fect
110 pereent oxvgen corrisponds to appreximately 16,000 feet
¥ 9 percont oxygon corresponds to approxlmaetely 22,000 feet
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2 The Harvard Experiment was carried out
m the low oxygen room at the Fatigue Labora-
tory More extensive studies were made of the
changes i respiration and the blood The ex-
periments also continued over a longer petiod
of time (6 hours) and the concentrations of
oxygen and carbon dioxide were more carefully
controlled The results of the psychological
tests are shown 1n Tables 87 and 38, and the
alveolar oxygen and percent saturation of the
arterial blood with oxygen in Table 39 The
author 1s 1ndebted to Dr D B Dill for per-
migsion to use the data of Table 39 and for the
interpretation of the physiological findings dis-
cussed below @

"For a more coinplete discugslon of these experiments
ci DI, D B, Hdwards, H T, and Roblnson 5, with the
collaberation of Armstrong, II G and Oelm T W Pul
monary gaseous exchanges at low barometric pressurea and
In alr mlxed with nitrogen Jour Aviatlion Mecd, Vol 10
Muorch, 1889

The first experiment was a confrol The four
subjects, who were also the four observers (Dall,
Edwards, McFurland, and Robinson}, ate the
same breakfast and were ready to begin observa-
tions at 8 30 The room was closed, an absorb-
g unit for carbon dioxide was started, and a
simple cooling device was available The tem-
perature was kept between 20° and 26° C and
the humidity between 50 and 70 percent The
carbon dioxide absorber provided a comfortable
air circulation  The carbon dioxide was kept ot
about 0 6 percent and the cxygen between 20 8
and 211 percent. The day was divaded mto
four periods of about 2 hours each In each
period a complete set of phyaological and
psychological studies was made on each ndi-
vidual! Four samples of arterial blood wera
drawn from eech man during the day for study
of the oxygen uptake, carbon dioxide content,
alkaline reserve, and pH Between the second

Tasre 32 —Physiological and Psychologieal Complaints

Ori-ﬂ% Or-l-a'?’g

12% 01 Oct 16| { o it

11% Oy, Dec. 3

Yes No Yes No Yes No Yes No

tory
Palpltations or cardlso dlsiress . -

tory
hortmess of breath  ___ - -
Perkodle or frregular brmthing - _ _
Blghing or long deep breaths_ . _ _ _

[XTETN
LUt =]
-
e
£
oo
LAY
—

Digeation
Nausea or ind!
Gan on ytomec

stlon. _ - - - -
or In intestlnes - - -

-
N

@
——
Qo
-
-~
=

Exertion (musdes)
Impatred coordinetion or clumeimess - _
Eadlly [etiguned on exertfon - _
Mmsalar

cealre - =
Stattering or blecking of apeech _ __ . - -
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and third periods a Iunch of soup nnd crachers
was taken

In subsequent experiments the same =ubjects
were used and the same routine followed In

tha kannnrq s ToTIMent the ﬂrci’ +Tr'n_‘nn111- 1o
the SPENINCHy i SL LYW O-IL e

was carried out as hefore and then carbon d]-
onlde was admitted and mamtained for 6 hours
at 28 to A1 percent In other respects condi-
tions wete the same as before We found that
this concentration of carbon dioxide increased
the volume of nir breathed per mmute abount 120
percent  However, 1t did not modify sigmifi-
cantly the oxygen uptake under the conditions
mmply that
mereased breathing will not modafy oxygen up-
tnke under other conditions this will be dis-
cuseed below  The mereased volume of air used
kept the 1atio of bicarbonate to free ecarbomic
acid nearly constant, actually the ratio de-
cieased from 20 tn 18 This was associated

T & Mmoo Ao
(Jl Llllﬁ ex [Ll’llllt‘dlh 41115 uoes not

with & decrease 1n pH fiom 740 to 736 The
observations wete cairied on with no discom-
fort and without well-defined awareness that

the atmaosphere was abnormal There were no
or affort r]1s_c hh1ble T'he n'F tha

o o roci] tg
[ L SLglls Glsleriil e

0
Lol

psychological tests were withuin the normal
range of varability The data for the control
experiments and for the tests cartied cut m 30
percent CO, and 21 0 petcent O are not shown
1n the tables below

In the third experument the room was closed
after the preliminary observations unitrogen
admitted and enough 0Xygen was dlsplaced to
leave an atmosphere containing about 11 & per-
cent. oxygen This 1s ronghly equivalent to
17,000 feet, and the ascent was made 1m step-
wise fashion over one hour Carbon dioxide
was absorbed and after a short period of
adjustment, during swhich 110 oxygen was
reached, that oxygen percentage wag mamn-

TanrL 33 —Resalts of the Physiological Tests and Biochemical Determinations

Subject Berman

Chamber Dlood Pressuras Alveolar air Arterlal blood
Bermnn Pulso \ ‘
Peroent
(o]} {0y 8y9 Dlas 03 COy Fercent sabura Lﬁc[ﬂc Sugnr
1 tlon arld
(\nnir?l 005 0 1] 101 53 02 7 | 36 R mr 23] 128 100
R
10 minwls 7 106 54 -
2 mmutes A2 14 ()
30 minutes # 108 %%
Fir«1 hour
10 minules 112 3 LI B 60
o minutes i) 101 5] 4 B 24
30 1minuates 111 4 58 105 66
40 Tminal«s 62 104 LU 17 & 80 12 6 104
50 tninubes (# 104 55
G0 minnles - 110 f B4 118 66
“econd hour
10 minites 113 L] [i/i] 108 B0 -
20 minutes B4 108 0 40 6 a1l
0 minules 11 2 7 f2 116 | a1 15 2 71 a7 108
40 miInntes 82 140 - -
50 minntes i ¢ _ - |
80 minnics 1o H { _
Canlrol 20 96 iz 125 6 102 7 a6 8 97 o 104 106
Aseent
10 minutes 37 12 i3} 132 a8 —
20 minutes 08 44 an 138 an
0 minutes - a7 as [i; 1 125 7
Firet hioar
10 mlnules N 115 64
20 minutes o8 30 3 111 Mo i3 4
0 minutes 98| 32 A 108 65 -
i0 minates ! (£ 1] 106 A5
50 mumites 10 & ‘ 35 “2 115 m L&} 112 103
G0 minitas 62 115 70
Second hour ‘
10 minutes wo'l o 42 53 19
2 mlnutes 10 3 2.4 4 112 b 523 40 2
30 minntes 1005 31 4 105 i) _
40 minutes _ 74 18 [t} 1T 7 a5 80 109
50 minutes  _ - - _ _ 74 110 75 - - |-
4 minutes - R - 76 15 80 ‘ - | - _

Mg



taned for six hours As will be seen 1in Table
39, this reduced the oxygen saturation to 70
percent Expressed in another fashion, the
arterial blood contained nearly five times as
much unoxygenated hemoglobin as 1s nor-
mally the ease The breathmg inereased about
20 percent above normal, and this had the
effect of raising the ratio of bicarbonate to
free carbonic acid 1n the bleod from 20 to 22
This 15 about equal 1n magmitude, though op-
posite m sign to the effect of 3 percent carbon
dioxide All of the subjects were definttely
handicapped during the six hours of tlus ex-
periment  The drgestion was retarded, there
was some nausea and dizziness, and three had
moderate headaches which persisted for an
hour or longer after leaving the rcom All
of the subjects were poorer in the psychologt-
cal tests (¢f Tables 37 and 38)

The fourth experiment was devised to test
the combimed effects of 8 percent carbon di-

59

oxide and 11 O percent oxygen The breathing
was greatly increased The oxygen saturation
was notably modified by the 1ncreased ventila-
tion of the lungs The mean saturation was
90 percent nstead of 70 (table 39) In othex
words, the unoxygenated hemoglobin 1n arte-
rial blood was only twice normal instead of 5
times normal In the one case the oxygen sup-
ply was seriously interfered with, mn the other
case 1t was shghtly reduced

It 1s notable 1n this fourth experiment that
the ratio of carbonic acid to bicorbonate re-
mains very nearly constant, in other words, the
reaction of the blood remains at 1ta normal value
In view of this, and also due to the fact that
the oxygen saturation was as high as %0 per-
cent, 1t 18 not surprising that none of us felt
particularly uncomfortable in this experiment
Only one bad a headache, 1t was shght, and
digappeared as soon the experiment was over
There was reduced appetite and some indiges-

TapLE 34 —Results of the Physiological Tests and Biochemical Determinations

Subjert

Friedman

Chamber

Blood pressare | Alveslar air Arterlal hlood

Frledman

Oy 00z

Pulsa

Percent

\
Parcent
Bys | Duws | 0; | COp |FRDtigatnr Lbtto

Hugar
ton |

004

11 2 3
11 4

14a Li]
13 6
I 2 7

103 7 404 10 10 4

50 - -
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—
=
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120 - -
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1156 - -l - - -
115 -
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tion 1 two cases, but all agreed that the expe-
rience was less aiduous than with low ox3gen
alone It was our impression that the presence
of 3 percent carbon dioxade lowered the alri-
tude from 17,000 to approximately 12,000 fect

3 Through the cooperation of Captain H G
Armstrong and Dr J W Heim, these expen-
ments were repeated 1n the low-pressure cham-
ber at Wright Field, Dayton, Ohio  The same
experumental procedure was used as 1n the low-
oxygen room at the Fatigne Laboratory and the
same mmdividuals (Dill, Edwards, McIfarland
and Robinson) served as their own experumental
subjects The results of the psychological tests
are shown 1 Table 40 and the findings relating
to the alveolar oxygen and percent saturation
of the arterial blood with oxvgen in Table 41

It was our intention to reduce the total pres-
sure to o value equivalent to 17,000 feet On
the whole, our subjective experiences and the
psychologicel tests were not unlike those mn the
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low-oxygen chamber at the Fatigne Laboratory
Arterial blood samples were drawn and pasged
through the air lock for analysis  Samples of
a1 from the pressure chamber were drawn at
wtervals duimg the day, but these were not
analyzed until the following day We were as-
tomshed to find that the caibon dioxide had
been msing and the oxjgen falling during the
da3y due to a defect m the ventilating system
We had actually been working at 22,000 feet
with carbon dioxide equivalent to 2 5 percent
It 15 safe to say that with such a reduction m
oxygen taking place without excess carbon diox-
1de all of us would have been sick or collapsed
Two days later when the ventilation was work-
ing properly we observed that, aside from the
effects on the eardrum of increasing and de-
creasing pressures the physiological and psy-
chological consequences of a given oxygen pres-
sure were the same whether produced by adding
nitrogen to the air at atmospheric pressure or

TaBLE 35 —Results of the Physiological Tests and Brochemical Determinations

Subjecl Jerome

L
Chamher Blood prezmre Alveolar mir Arterlal blood
Jeroma Pulsa
Percent
0 | 00y Bys | Dias | 05 | oy [Fereentigaye, |Lacte | g pp
1 ton ncl
Control - _ - - - 20 96 0 103 108 B4 108 2 ]1 191 82 141 «1]
Ascent
10 minutes , I . - 128 114 80 _ -
20tninutes _ _ . _ _ - 133 12 78| - - - _
30 minutes - . - - - 114 124 Td - , - ,
Flrst hour
10 minutes _ _ - - - 1o k| 130 120 BO -
20 mnutes _ - - - . 111 122 84 45 2 M1l -
30 minutes _ - - - 18 [} 120 120 B4 _ _ _
40 minutes — _— - - - - 128 120 B4 i 48 ki 10 4 100
50 minotes — - - - | - 118 121 %] - -
60 minates _ - - . 11 3 120 130 B2 | _ _ _ _
Second hour
10 minutes — 1t 2 B 50 118 75 .
20 minutsa _ _ - N 122 125 T2 42 2 a1l ¢ . - _
30 minutes _— i1 T o0 115 76 _
40 minates - - 7 115 62 4.1 68 141 120
60 minutes , . 118,68 110 & . - ,
40 minutes_ . - _— 110 7 - 100 83 - - ,
Cantrol _ , , 20 0d 04 g0 116 7 106 2 1 10 1 g2 119 113
Ascent |
10 minutes - _ i1 B8 120 89 - - - -] -
20 minntes _ - - _ 42 112 116 7l
W mnotay = _ _ __ g0 33 108 110 0 - _
Flrst hour
10 minutes _ - - - 8.7 32 104 112 a6 - _ , _
20 minutos = _ , , . 87 32 100 120 (] 44 2 I A . - - ,
30 minotes _ _ N &7 31 112 120 iV - - _ _
4t minntes - _ . _ - - - 108 121 70 50 72 12 8 112
50 minmtes . - _ - _ - 106 112 70 _ - -
&) minates _ - - - g8 3a 106 112 68 -
Hecond hoar
10 mInates _ - 92 29 90 112 06 N - - -
20 minates . _ - - , o9 Jio m 449 3B 1 . I -
30 mloutes . _ _ . _ o9 110 b U __ _
40 minotes . - _ . _ 112 115 | - - 1.9 ar 1z 4d 102
5] minntes - - — - 108 105 Tt - . [ -
&0 minttes. i —- -- - - - - 124 . — - .- -
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TasLe 36 —Results of the Physiological Tests and Biochemical Determinations

Bubjeci Helehline

Charmber ‘ ! Blood pressure | Alveolar alr Arteria] blond
Rslchhine | Pulse | Porcent
Oy Cy 8y3 | Dias 0: | ©Oy Perocent saturs I‘“"ﬂwdﬂ Sugar
! tlon
Control . __ 20. 96 004 80 101 62 107 2 K] 20 Ba 10 4 102
Ascent

10 minutes _ _ - - . — _ - ar 101 €0 - - i

20 minntea - - — - _— ——— - 91 101 f81 — _ - N

30 minutes _ _ - I 08 1) 60 — . - - -
Firat bour

10 minutes _ — - L0 3 a0 B4 &0 R - - -

20 minutes _ - _ . _ a0 84 68 48 a1 I

30 rolnuotea - - _ - 113 4 of 101 [V 172 91 15 4 110

40 minutes . - - __ @0 B8 8 - — - - .

80 minutes _ - - _ 80 ] - — - _

60 moinutes - . 11 o 96 60| - . . -
Second hour

10 minobey  ___ I - 11 2 8 100 1] 00 - - - - - —

20 minutas . - - i ] - - 440 28 - _

30 minutes - - 11 T1- - - 17 4 a2 1Le 109

40 minutes . - - - - |- - - - R

50 mlnutes - - - - - -

%0 mlnutes _ - 110 7 - - N
Control - _ . - _ 20 9 04 72 110 M| e oo 2.0 13 112 105
Asoené

10 mlnutes. - - - _ - 31 72 108 75 - - _ e

20 minutas - - - - - 42 72 108 ki:] - - -

30 minntas - - - _ 8.0 33 72 111 8 - -
First honr

10 mimites _ . _ _ - [ a2 80 105 _ Y U

2) mInutes - - - - - - . 87 32 80 110 41 9 87 6 - S

30 minntes — - , - 87 31 76 108 - 17 2 B2 13 4 108

40 mimgtea - — _— _ |- - B2 108 | . - P N I PR

50 minutes _ - - - _|- 52 106 |- - R . - —_—-

80 minutes . . - - - 04 33 78 112 75| . - - . -
Seoond hour

10 minutes _ — - — 02 29 74 108 TL| - PR (RUREE N - e

20 minutes. . - - - |- . 82 115 0 441 a8 R - -

30 muutes.  __ - e - - - 104 115 il: Y - 176 80 1.9 125

40 minutas - - — - - - %1 108 a8 | - - - |- - -

50 mInutes - i - I - 60 |- - . R . -

&) minutes _ - - - - - o - [ L VR VY p— - - - - _

TasLe 37 —Psychological Tests
Andlometer Heterophoria (Exo) Qholpe reartlon tims
11% On+43% COx | 11% 0210 5% COs
119, Oyt 1% Ot 11%, 014 11% Ot
3% COy 0 8% 00 A%, €0, 048% COa
Mean Errors Mean Errors
DI

Cantrel - S - 14 15 4 [} 89 [} i1 0

24 hour _ . - R — 17 17 6 7 30 1 48 3

3d hour _ - - - — — 1a 18 5 b 41 2 A7 4

4th hour -— - - - - 17 - 3 - 37 1 - - -
Edwards

Control - - - 17 15 2 2 40 1 41 0

2d hour . - - - — - 16 18 2 1 ] 1 44 3

4d hour ___ - - - - 18 16 2 L} a0 a 47 5

4th hoar .. - - - _ 17 - k) - 42 a N
McParland

Control _ - - P - 13 16 1 3 41 1] 41 0

- - . - - 18 17 a [ 42 1 43 P

3d howr _ - _ - 18 17 5 ki 42 0 46 3

4th hour - - _ - 17 L} I 43 0 - -
Roblnson

Control . __ - — - - 18 17 5 5 52 1] 52 2

24 hour - - - _ 10 14 7 7 53 0 86 ]

3d horr_ - - .- - 18 20 ] B 57 0 bl L]

4th hoor o 18 - [i] - 62 1 - -
Average

Caontrol - - - - 18 16 B as 3.5 430 3 43. 4 ]

2d hour_ _ _ _ N - 17 17 3 53 80 430 ] 47 0 28

84 hour - - — - - 14 8 178 46 L] 44.B 5 49 8§ 40

4th bour . - - - - 17 2 O |- P 3.5 5 -




TasLE 38 —FPsychologicai Tests

(oad
M(%Df.ggft)( ° Code ([n seconds)
(el [rpd
e WED | 105t | 1% 0abo <,
COs C0; COy o
Meon | Mean MNean | Errors | Mean \ Frrors
™il
Conlrol o0 %) 117 0 118 ‘ 1
2 hour 70 i 121 1 124 8
3d haur i} 40 124 a 140 ‘ 2
4th hour 7 125 a
Edwarda ,
Conlrol B0 B0y 121 0 121 1
2d hour 80 (] 122 1 1.8 0
dd hour ol 0 177 2 114 2
4th hour ) 120 1]
McFurland S S N .
L OIIT0L ) L. 1) 193 is 1oy L
2d hour 70 pt] 183 1 147 4
3d hour 0 50 151 P 16l 2
dth honr - &0 143 0
Rohinson
( gntrol 100 eyl 151 0 1) 1
2d hour 70 &) 150 1 16 i
4l bhoar , o 1] 154 1 113
4th hour H 150 1
Average ‘ ‘
Conlrol ()] 1] 133 25 0 129 10
20 hour  _ 07 § 65| 1385 1 14006 45
Jd hoar  _ 60 4 | 138 B 12 1496 15
4th hour | 8L 35 - 1M & 25 |

by decreasing the total pressure i o low-

pressute chamhber

VIII Resulis of the Experiments Carried Out During
Fhghts at High Altitude on Commercial Air
Transport Planes (Part YI)

Duming the past summer (1937) an opportu-
nity was afforded thiough the generosity of the
TTuited Aar Lanes and the Pan American Aar-
ways (both companies provided free transpor-
tation) to check some ot the data reported above
under actual flight condifions on their trans-
T'acific and hanscontinental operations.

1 Results of eaperiments on transconbinental
Hights —On June 3, D B Dill of Harvard Um-
versity and ¥ G Hall of Duke University made
the flight hetween Newark and Salt Loke Citv
The average altitude was between 8,000 and
10,000 feet The flvmg conditions were fairly
cood , however, rough an was encountered pre-
vious to renching Denver and Salt Lake City
Both subjects felt quite nauseated on the fhght
Ietween Denver and Salt Lake City, and just

Laofare van g Lalr Talra T
UeLOre ITRCNIMIY Wil 1Lans Lriir

P Mo
Hall would have vomited had he not 1ested
quietly
On June 21, B A MeFarland of Columha
University made the flight between Newark and

vomirad and

YullliLelr aatiul

Clhiucago, and on June 22 from Chicago to Sali
Lake Cits  J W M, World War pilot of
Portland, Oregon, and an 1nterested passenger
served as subject between Chicago and Salt
Lake City The flying conditions (Ut
bad between Cleveland and Chicago on June 21
on account of 1ough air and thunderstoims
Siunilar conditions were encountered between
Denver and Salt Take City on June 22

On August 11 and 12 R A McFarland and
H 1" Edwards made the thght between Oakland
and New Yotk Ihe flying conditions weie on
the average, good  \n attempt was made to
get pecurate deteiminations of the alveclar aw

L
Samples of expiied sir wete obtamed 1n sam-

TasLE 39

ALYVEOLAR OXYGEN AND PERCENTAGE SATURATION
OF THE ARTERIAL HLOOD WITH OXYGEN

Fatigne Laboratory—Low Oxygen Room

Alveplar pxygen mm mm Hyg

Novembor 6 1838307 C 041195 O3

Tmutlel | &fler 1hr | After 2 hrs | Afbor 4 hrs
i 105 2 W 7 57 9 a1 4
Mecbarland 11 5 061 5809
Kobmson _ & Y 2 a3y [
Fdwards 031 7 614 G
Alean 100 1 w3 a8l 1 62 4
Dicomber 5 19360 5%, CO1 115, O,
Dl 09 2 a8 41 2
Mobarland 106 1 343 ELF ]
Robimson e 7 44 6
Fdwards 113 2 a0 6 -
Mean N80 90 ‘ 38§
Percentage saturation of arteria] blood with oxygen
November § 153635, G051 1155 Oy
Initlal | After 1hr | After 2 hrs | After 4 hey
Dull 06 1 B4
MuFerland 05 2 L] 84 4 o0 0
Robinson od 7 87 4 598 &9 4
Ldwords o7 86 B
Mean ‘ 959‘ w4 @7 "0
Decemnber 3 1936—0 5% COa115 (O
. \ ]
Dill ! 6L 4 70 4
MecFarland ™18 47 8 ] -
Roblnson l T f ] -
Edwards B
Mean 95 9 ‘ 703 89 1 -

| Kyperlment discontlnued, obsarver famted
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plng tubes and analyzed in the standard Hal-
dane gas-analysis apparatus at the Fatigue Lab-
oratory at Harvard

Results—Physiological tests —The results of
the tests for pulse rate and alveolar carbon di-
oxide made by IDill and Hall are shown 1 Table
42 There was a shight, yet significant, 1ncrease
n pulse rate with mcreasing altitnde, with a

TapLe 40 —Psychological Tests

Wright Fleld—Low Pressure Chamber

Mnuy 11, 1937—20 000 feet (0 6% O3—2 5% COO
Cholee reactlon Mem
lme | Code ory
Menn Errors Mean ‘ Errors | Mean
Qontrol _ 429 1 120 2 o0
Becond haur 46 7 2 131 2
Thlrd honr 4. 6 1 132] 1 a0
Fourth hour 458 k] 120 1 &0
Edwards
Control - - 40 1 1 121 0 BO
Becond honr 43 2 1 1% 5 70
Third honr 40 2 168 3 no
Founrth hour 3y 1 168 1 40
MecPariand
Control 440 0 143 1 ED
Becond hour  _ 40 2 13 2 70
Third hour _ 150 a
Fourth hour 50 4 1 166 2 A0
Hoblmson
Control _ 47 0 0 1al 1 70
Becond hour 44 B 2 180 1 70
Thlrd hour [V} 2 40
Fourth hour 45 2 4 140 a 60
May 13, 1937—17 00} feet (11 05, 05—0 3% CO2)
Dm
Second homr  _ 37 4 124 1
Third hour 46 2 1 114 1 50
Pourth hour 417 2 122 1 i 1l
Edwards
Second hour . 40 5 [ 107 2 10
‘Third honr 42 ¢ 2 105 1 &0
Fourth hour _ 45 8 4 130 2| &0
McFardand
Heoond hour 45 7 2 141 2 AD
Third honr 44. 1, 1 145 0 70
Fourth hour 40 9 1 143 1 50
Roblnson ‘
Second honr _ _ 48 2 2 1o0 a 50
Thlird hoar _ 1%7 1 6
Faatth hour 17 0 103 a 50
B 11%
DA% Oy 11095 Oy | 96% O1 ' 110% 01| S0 | O1
1 2
©O;380d OCy11ln Cham i 25103
ber__ - 2 8% C0,(03% CO:[2 5% CO10135;, CO:| % 9
[+7} C(%:
Average
Control | 433/ 08| 433 O.B1IASE 1 |14 8|1 [30 80
9ecend heour 46 8| 1 B[ 44.5) 3 0f142 8 2 5131 1370 50
Third hour 50134548 Lafidar 1 hatal &m g
Fouorth hour 458/ 23/ 460 1B[146.8) 1 ’137 1 8]47 EIED

24B818—41—5

TanLr 41
ALVEOLAR OXYGEN AND PERCENTAGE BATURATION
OF THE ARTERIAL BLOOD WITH OXYGEN
Wright Flekd—Low-Pressure Chamher
Alveolar oxygen In mm Hg

May 11 1937 1—2 5% C0:—D 8% Oy

Hea Level Durlng Dunng
Baston geoond hour | fourth holr
D , - 108 6 - 40 0
MeFarland — 111 8 - 34
Rabinsen - - 104 5 , B3 4
Edwards . _— - 103 1 48 0
Masn . _ - 104 1 - . 45 2
May 13 19373039, COy—110% O
Do - oo - 48.7 -
MoFarland - -
RaobInson 53 3 -
Edwards - 2400 -
Mean - - 483 . - .
|
i

Percentage saturation of arierial blood with exygen

Mav 11 1097 '—2 6% COy—0 8% Oy

Hea Level During During
Baston second hour | fourth hour

Dl - B5 1 a6 0 82 2
McFarland Bs 2 720 700
Robinson. . - Ba 7 T 74
Edwards | 07 a0 2 89 ¢
AMean _ b5 @ 60 B 69 B

‘ Mav 13, 1037 20 3% CO1—11 0% Oy
g _ - _ _ 6 4
MoFarland _ BY 4 4
Robloson. _ , - , 340 78 8
Fdwards _ . 22 712
Mean - ‘ _ 7o 74.2

1 During thle experlmoent the carbon dloxlde was beng locreased at
the same bimea the barometrie or total pressure was belng lowered, so
that the percentage of ovvgen was equlvalent to 20 000 [eet altltnde
(fl 8 peroant pxvgen) and the parcentnge of carbon dloxide was 2 1 porcent)

1 The baromotrie pressure waa altered so thaz the percrntage of 0¥ygon
avpllable corresponded to 17,000 feet altitudo {110 percent ox¥gen)
Ihe carbon dipxlde was held constant at approxlmetsly 0 3 percent.
tendency toward normal values as each flight
progressed A comparison of the alveolar car-
bon dioxide data with that obtamed on the
Chilean Expedition {cf Figure 9, Chuquica-
mata—10,000 feet) mdicates that there was
close correspondence 1n these findings

The results of the pulse rate and blood pres-
sure tests (Recording Tycos Sphygmomanom-
eter) obtamned by McFarland are shown in
Table 43 The changes in both McFarland and
the passenger,J W McC, were only shght and,
on the average, quite nsignificant



The data obtamed by MceFailand and Iid-
walds for the alveolar oxymen and carbon
oxide are <hown in Table 44 The results a1e 1
dlose agreement with those from the tran--P-
cific flights 11 one compaies thece resulés with
those from the Chilean Expedition (Clingui-
camata—10,000 feet) (Frgure 9} and from
frans-Andean flight~ (Iigures 40 and 41) (refs

60

41), the resulfs also show a ¢ lo~¢ cortespondence
The mean pO; and pCO. at Chuguicamnata for
ten subjects were 624 and 339 1espectivels
On these thghts (at 11,000 teet) the moan pO,
and pCO. were 62 1 and 34 3 1espectively
Results—Psychologial ti«t«—The peycho-
logical tests ncluded (1) heterophora, or
ocular muscle unbalance, (2) light sense for

TarLn 42 —Flight on Umited Air Lines Plane—Newark to Salt Lake City—June 3, 1937

Subjects Dr D B DIl (awe 44) and Dr F G Hall (age 41)

Calor Coda tost
Sub Alveclar | TTaetero- nommg |— . Memor
Time Alatude Ject Pulso) pCO; plioria (n sec Tercent (General sensallons
mm ITg | (40 cins ) onds) In aae Vrrors {eorrect)
ands
Yen Juvel DI | &8 20 54 114 0 &0
Hall | 70 50 56 150 1 g5
Newark Lo Clere-
land
i19a m 2 800 feet all { 72 -
Hell| 72 _
9358 m | 6,000 fot  Shghtle Dill [ 71 R 118 1 80 | DM, slight belching
1 rough Hall | 74 135 3 104
We m 10,000 feet D | 7o 30| 55 - - Abave clouds
Hall| 72 - 70! a7 - Smooth
Wie m 10 000 fect D72 ‘ _ 116 0 70l Above clouds
Hall [ 72 | 133 i 9 Smoolh
10308 m 6 000 fegt _ Dl | &8 - 70 | Rough alr
Mall| 68 | o)
105531 m 8,000 feek DIl 71l 2h 111 ] - Rough
68 (U1} 137 4 -
Cleyeland Lo
Chlcagn
1230 p m 8 000 fest Lnll a6 2 117 n 80
et gﬁljl . 72 111 2 80
110p m A 000 Teeb _ .3 45 4 24 i1 111 ] 100
12p m 8 000 fect Fall| 72 40 4 06 50 1% 1 0 }En]““d lunch {both)
' 1
Chicayo to Denver !
IWp m 800 fecl (1 hir afber (THT T 80 ME In 51 Smeoth s
lunch) Hall! 74 30 2 o L
Z2p m 8 000 Teet Iall 40 3 -
Hall| _ _ 34§
107p m - 3000 lect nll | - _ 42 4 - P
Hall 42 4 -
X | x 391 _
X | X 410 -~ - -
140p m 11,000 feet  __ _ b 3 30 58 12 LU S0 | 340, 3 50 rougb DIl
TIall | 76 74 o 135 1! 100 ght brenthlessness
dodp m 10 600 foet bm ' 74 37 2 [ | Smooth alr
Tall, 77 o 3 [
4 p m _ 5 000 Teet D111 113 - Smaoth alr
IIall| 88 - - -
440p m 8 000 fest DI | oea — _ - Smooth air
Hall| 70 - _ -
a10p m 7 000 feet Dill 71 38 6 28 G 115 a 1mn
Hull| 71 37 70 56 146 1! 90
|
Denver o Salt
Lahe Clty f
|
T1Hp m 10 000 Leet DIl 70 a G i 0 50 112 Qa ED) | Rough DI vomiled
Hall | 70 0 7o &6 134 1 70 | Hall oruseated
—_— —_— . _ _
Meaans—een level | ‘
Dhil \Hall Dl Hall | Dhll Tihall | DRI HaR | DUL | Hell | Dl | Hell | B | Tall
Sea level 880 |70 0 20 &0 (MO (5G40 (11401300 0 1 |80 0 96 0
8 00-8,000 {feet  _ W7 L6307 8220 54500 |oh 6 (1146 1432 2110800
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1Captin B G M Slewardess S and X passengers

Durlng the Iast hall hour the air was very rough  ITall slept through this but awoke with nenoses as the 8alt Lake Alrport wes approeched  He
did not vomit but had nauses for another hoor DT vomlted just s the airport was reached. W Ithin a fow minutes alter 1snding he felt woll

and hod no further dlscomfort Nelthor had headaches
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vigual intensity—Reeves wedge, (3) color nam-
mg—naming 100 colors as rapidly as possihle—
score 1n seconds, (4) transhterating 50 code
letters agamst time (1n seconds) , and (3) mem-
ory for paired words In this test the ten pairs
of words weie exposed for 15 seconds each  Im-
mediately following the mitial presentation, the
first word of each pair 1s shown to the subject
and he 1 asked to recall the second (score
percent correct)

The results, as shown 1n Tables 42 and 45,
were consistently yet insignificantly lower at
the high altitudes during the flights  The vara-
tions are only slightly greater than the experi-
mental erro1 nnd the possible effects due to the
tlistractions while 1n fhght In the code test,
for example, there was an aiverage decrease I
time for cach test of 2 to 3 seconds at high alti-

tude compared to sea level, in the memory test,
from 4 peicent to 8 percent

The amount of unsaturation of the arterial
blood with oxygen at 10,000 feet decreases from
the normal sea level value of 96 percent to ap-
proximately 90 percent At 12,000 feet the per-
cent saturation of the arterial blood would be
approximately 86 percent From a wide num-
ber of observations at high altitude on moun-
tain expeditions and m simulated high altitude
1 chambers at sea level, shght yet statistically
insignificant changes 1n sensory or mental func-
tions with this amount of arterial oxygen unsat-
uration have besn cbserved

Tt appears that healthy subjects between the
ages of 18 and 60 years are only shightly affected
at altitudes of 10,000 feet after two to four
hours At 12,000 feet to 14,000 feet the average

Taere 43 — Flight on United Amr Lines Plane—Newark to Salt Lake—June 21 and 22, 1937

Subjects Dr B A McFarland {age 33) and Passenger J W Mc. (age 19}

ViIsunl In ‘ Code Mem
Howero| SISt | Colr
Time Altitude Subject  |Polse pm ph(%m wedge Lnasegn (Tn (5;; Genernl ssmsations
cms ) onds) | €€ Errors| cor
R 1L onda) Tect)
| Beaa level - 64 | 11078 (1 —20 | 8.0 83 61 131 1 80
Newark to '
Cleveland ‘
Juns 21
P38 m 6,000 feet clmb ] . N --| 68 141 i} - Smooth Felt O K
| :%h_lghar
10108 1) feet - 72 | 120480 30|74 |78 |- I ED
I048a m 10 00O feet ] I - .| & - -
Cleveland io |
hlcago
113 a m 3000 teat _ RO I R N 149 0 80 | Alr very rough Thunder
12058 m 10 000 leel 72 | 110/78 =26|74 |75 | - 145 2 - atorms Felt nauseated
Felt much better af 1208
Chteago to Den
ver June 227
110p m 10000 fect _ - - a8 | 11874 —-30 J a7 _ . 80 | Felt fine
200p m 10,000 feet __ - 72 | 12578 - T4 (18 - 140 [}
Jliop m _1 12 D00 feat - 78 | 12078 —4 0|86 g8 - - - 70 | Felt sleepy
405p m _ 10,000 foat w Me 80 | 13070 - 05 (42 — |- - - | Felt nanseated
440p m _ _| 8,00 feet _ — . R - | 144 1 70 | Alr very rongh
Denver to Salt
Lake Cliyi
615p m __| 10,000 feat __ — ! - —4.8 . -| 88 - . Ar very roagh Btorms
710p m __| 10,000 feat  _ 78| 11276 - - - - - - 148 1 50 R iriynmswtﬂd J W
¥V Mce 84 | 140/82 - - - - M headache Aurroogh
940p m _.| Hotal Gtah __ 65 | 12476 - 80 82 it 140 2 80 J W M {ntense head
W Mce 78 | 135/80 - 72 |70 [ I i acbe! R DM slight
beadache and gquite f
tlgaed
Mean-Sea Level
E M - _| Bee lave] &4 | 12076 20|80 |8.23 6| 138 16 80
10 K 4 - FER IR i I4 )72 )74 w8 1413 5 | 75
I % Me . _| Een level 78 | 135/8D |72 |74 R L
100001 , 82 | 145/76 (B | &2 |- R - |
|

L Ainus <lgns Indicate esophola-

Caplaln ¥V W V

Captaln E D W

t Average sltitude

! Excessive amonnt of aleohol on the meht provious ta the Alght



TaBre 44

ALVEOLAR AIR SAMPLES FROM TWO PASSENGERS ON
FLIGHT BETWEEN OAKLAND AND CLEVELAND

United Axr Lines Planes Auwgust 12-13 1937

0,000 feet haro- | 11 ) [eet baro
matrle prassyur,  metrle pressuri
] 50

p0; | pC0z | pOs  pCO;

Edwards
Left Henoatdp m
Qample takenatabhp m
Ieflt Chrycnne at 7453 m |
Renched 11 00) feet altltode at 8

a8 m

Sample taken st B30 a m -
Lelt € hieagoat 8300 ™
Reached 9000 feet at 816 8 m

Sample taken at 0408 m an 7

McFarland
Left Choevenne ot 7 458 m
Reached 11,000 feet mltitnde at 8

A m
¥irst sample taken gt 8§ 208 ™ _ a2 7
Sceond sample tahon b B loa m__ 83 0 |
Left Chleago a6 8We m '
Reached 9000 fect at B1fia m
Samplc taken at9%5a m

B

Summary (mesns)
Fdweards LiL %
MoFarlandg -
Avcrage 64. 2 370
Crew avernge—Deeifio Flighta  _ . -

1
2
2.
L]

-

E

o0
S
©— o
[
E_’gm.gm
w ok e

passengel experience- sleepness and lassitude
andif the a1 stnoothy tends to fall asteep 1L
1ongh an 15 entountered however, any tend-

MEAN ALTITUDE 9 460

TOTAL FLYING HOURS 122h 253 m

TOTAL NAUTICAL MILES 14,141

fo JOO"”.OOO

o=l

Ith 40m
$000-10,30p

13@0MI

1327 M1

1045 MI
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ency toward nausea headache, o1 caidiac dis-
tress tends to be accentuated Pas<engers who
have a tendency toward ‘ nervousness™” tend to
be more susceptible to the 111 effects of high alti-
tude, also those who have had little <leep the
mght before, or excess alcohol

2 Beswlts of erperiments on trans-Paofio
fights —Dmng the month of August 1937 H
T Edwards (mochemnist at the Har vard Fatigrue
Laboratory) and R A McFailand caamed out
a <eries of studies on the crew and passengery
during a routine flight of the Pan American
Chpper Ships flying from Alameda California,
to Hong Kong Chma  Between Alameda and
Mawla, P T, the mean altitude was 9,500 feet,
the total flymg {1me 12214 hours and the total
nautical miles 14141 A complete account of
this study may be obtamed m the o1iginal article
{cf reference 49) The log of the flight 15 shown
m Figure 42

The mvestigation was conceined with the
effects of gradual ascents (1 to 2 hours) to
B 000 to 12000 feet altitidle followed by long
flighis varying from 8§ to 20 hours n length
It was made on airmen 1n good phywical con-
dition while carryimng out the normal duties

M

1158MI Z2120MI

Y

1385 M1 138 ZMI

MANILA
GUAM
WAKE

1088 MI

lHaaMI 2140M|

MIDWAY
HONOLULUY
ALAMEDA

Figure 42 —Log of trans-Iacific flaght (McFarland)



of operatmg an aeroplane on trans-Pacific
operations, and on passengers The air was
relatively smooth throughout the entire flight
The 1nvestigation was undertaken from the
practical point of view of aviation for the fol-
lowing reasons (1) to determine the amount
of fatigue mvolved m Jong transoceamc flights
i terms of objective measurements, (2) to
study the maintenance of henlth 1n the airmen
in carrying out such operations, (3} to analyze
the efficiency of the personnel while in flight,
and (4) to recommend safety measures in rela-
tion to human Limitation~ The study was of
general scientibe 1nterest from the viewpoint
of measuring objectively the changes 1n the
circulation, blood the sense organs, and the
central nervous system duc to long exposures
at moderately high altitudes, as well as m
analyzing the amount of acchmatization at-
tamed durmg 12214 hours in the mr It also
afforded an excellent opportumty to compare
the effects of oxygen want under actual fhight
conditions with studies made on mountain ex-
peditions, and 1n low-oxygen and low-pressure
chambers at sea level

The physiological tests mdduded (1) the
Schneider Tndex, 1 e, the pulse 1ate and blood
pressure reclining, the changes on standing, the
pulse rate after a standard exercise, and the
time required for the pulse to return to nor-
mal, (2) the mmute volume index of the cir-
culatron, and (3) the urine volume The bio-
chemical determinations were for oxygen and
carbon dioxide 1n alveolar air, and in blood, the
concentration 1n blood of sugar and lactic acd,
and the concentration i plasma of protein,
cholesterol, chloride, and nonprotein nitrogen
Also, counts were made of red cells and reticu-
locytes The psychological tests included (1)
heterophoria, (2} near pomnt of accommoda-
tion, (3) brightness diserimination, (4) quick-
ness of apprehending the meanming of words
expoged for fractions of a second m a focal
plane shutter apparatus, (3) code test fo
maintenance of attention and accuracy of trans-
Literating letters, and (6) memory

Results of the psychological tests —In se-
lecting the psychological tests 1t was necessary
to obtamn those that could be repeated without
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marked practice effects, that were sensitive
enough to measure shght alterations 1n funec-
tions, that mecluded a fairly wide range of
sensory and mental reactions, and that were
pottable and easy to administer Visual tests
were stressed because of the promary impor-
tance of that particular sense in flying  With
the above considerations in mind, the following
tests were administered in Alameda and at var-
10us 1ntervals throughout the flight The re-
sults are shown m lable 45 On the average,
there was an 1mpairment of 6 to 8 percent 1n
the psychological tests at 9,000 to 12,000 feet
following slow ascents

TapLE 45

PRYCHOLOGICAL TESTS—TRANS-PACIFIC FLIGHTS

[Means and Stendard Deviations of Sensory and Mental Tests for Blx
iﬁnélme?egr]ld Two Passengers after Five to 8lx Hours at the Aldtudes
odlea

Mld { Hono ‘ Hono-
Wt:)v Gtz.gm G?Dam iMH l(ulu
r S£8 868
Test Wake 1\111313'% ;}13530 level), | lavel)
11}12?]0 oot foot ?i]id th lancl of
Bat, ¢ o , |lBy-over
70 | WA | W8 7?1% Y%
Lniphorjﬂ (priam diopters)
o 18 194 1 82 ave 073
107 1 53 100 52 a
P P of aeoommadation
(e m ) ! (righteye;
depn _ - 1407 14 o) 14 78 13 57 13 17
3 D._ r asl 3 50 1 ed a 28 3 10
Drightoness Discriminatlon !
(rlght eye)
Mean . | 177 270 L] 88 a8
8D - - 31 27 H 00
2peed of spprebension (1/90
3e0 ), one word sezles
Mean (percent oorrect) 811 8.0 90 4 |7 023
3D I 3 44 "] B 46 412
Two-word serles
IMean (percent oorrect) 60 8 65 0 400 48 6 48 2
8D 12.08 b8 g o7 pENI 12 76
Johnson Oode (seconda) ¢
Mean , - 14 0 1321 132.0 125 4 173 7
3 D - - - E 53 12 06 818 871 B2
Memory tast (percant cor
recti.
Mean 75 71 2| @BET| BESQ0 BS 23
SIS - | 1239 10 12 14 66 6. G Ll
!

L Results were pimilar for the left eye

3 Thess means represent statistieally significant differences from the
observed value at end of Bight,1 e lese than 1 chanece o 100 that chance
varfation could have acoountad for this valne None of the other differ
ences were rellable statistieally

Reswlts of brochemecal tests —In an attempt
to discover whether there was a sipnificant al-
teration 1n the respuatory response of the
airmen to the long flights at high altitudes,
and consequently marked varations m the
blood gases, an analysts was made of the alveo-
lar air and the petcent saturation of the ar-
terial blood The followmg conclusions may
be drawn from these tests



Alveotar a1 —The average partial pressuie
of oxygen and of carhon dioxude, expres-ed 1
mm Hg, 1~ nounal fo1 the 11,000 fect alti-
tude {cf Table 40) The mean partial pres-

these anmmen averaged 1%
mm higher than that of unacchmatuod pas-
sengers after an ascent to the same altitud:
m 4% minutes and that of subjects transpoited
by aeroplane to simular altitudes within one
half an how by Schnerder and Clark (36)
The smlatity of the averages for the cew
and for acchmatized men at this altitude sug-
gests that the anmen become adapted to the
hlgh nliitude and

sute of oxigen m

altitude and m higher
pariial pressure than passengers Thus, the
added burden on the crew of {lying the ship has
no 1mpaning effect on  the respnatory
mechamsm
Arternd blood —Five artetial bloods and one
venous blood were oltained at approximately
the time of obtaining the above alveolar an
samples on the thght beiwcen Honolulu and
Alameda {after 12 hours at 11 000 feet) (Cf
Table 40 ) The average oxygen saturatlon of
the arterial blod (90 1 percent) 1s close {o thot
found 1 closed chambeis at sea level after
several hours and on mountains aflter neclima
tization at this altitnde Lactic acid values of
these bloods were within the normal range,
with the possible exception of J1 Pilot (R)
(242 mgs percent)
Venows blood —S

Sl el Ul

aimtam n OXygcn

Alarmned a

TaBLr 46 —Alveolar Air and Biochemical
Determinations on Arterial Blood

Fllght Honolulu to Alammeda 1! 000 feel (509 mm Hg)
for 12 hours—Crew No 2

| Alvcolar pir Arterial blood
Oz
Capac
(om C(on Pcr
T,’acti‘filc 1ent  tent ui'E;lla 1 cent
p0O1 { pCO; me (8] L0 r tat
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A cclimatized man
at thls altliude 250 W0 150 430 21 0 | 850
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L% enous blood

after flymg for seven hours at 8,000 feet between
Midway and Honolulu  The resulls of the va11-
ous determunations relating to the blood mor-
phology and blood chenustiy are shown an Tabie
47 Themcrense i 1ed cells was approumately

10 percen!  The ne

nhg

g

}_Hl‘n] 1eflr |1I]I)fnl{ connt me

siall AT

that no unu-nal number of nmmature 1ed celLs
hod entercd the blood strteam and sugrests that
the increase 19 due to the addition of ~tored cells
or to dehiydration The inciease 11 seruwn pro-
tei and serum chloride 1s also suggestive ol a
certain amount of dehydiation The normal
nonprotein niltogen, blood sugar and (holesterol

valucs suggest that there Wdas Do <erlons upset
nt f}'\r_\ T

ot the protein, ca ,or fa

TasLE 47 —Biochemical and Morphological Determinations on Venous Blood

Flight Mldwny to Honolola altitonde 8,000 feet for 7 hours
o I o Lo
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With accentuated emotional excitement or
worry, the increased secretion of adrenalin may
couse & rise mn blood sugar  The normal values
observed 1n these airmen suggest that no such
excitement or woiry was talang place

In general, the 17 airmen studied during typ-
cal trans-Pacific operations became acclimatized
to the high altitude and maintamed a lugh de-
gree of mental and physical efficiency through-
out the thght The 11 passengers of average age
and fitness studied, although not manifesting the
same degree of acclumatization ns the airmen,
showed no objective signs of fatigue or physical
distress It should be kept in mind, however,
that the sudjective feelings of fatigue were
fairly acute 1n both the airmen and passengers
at the end of the longer flights although the
results from the physiological and psychological
tests were, on the average, negative This study
indacates that the stress of flymg on these trans-
Pacific operations 1s not acute enough to de-
plete the fuel reserves of the body or mve rise
to the accumulation of fatigue substances in the
blood

IX Summary of the Various Experiments

Before attempting to outline tentative con
clusions, a general summary will be given of the
entire nvestigation I ersf, the various problems
relating to passenger comfort in modern air
transportation were outhned It was pownted
out that one of the most important questions
which has not been solved adequately by the
aircraft engineers ielates to the effects of the
reduced ¢xygen pressure encountered at high
altitudes

Second, the physical factors of the environ-
ment at igh altitude were discussed 1n relation
to their reaction on the human organism and
the amount of oxygen in the mspired air which
would be required to maintain sea level condi-
fions (159 mm Hg)

Thard, a deseription was given of the various
experimental procedures used at sea level to
simulate the essential conditions of high alti-
tude, such as Douglas bags and rebreathing de-
vices, low oxygen and low pressurs chambers

Fourth, an analysis was made of the mpor-
tant variables of flying at high altitude, such as

the height attained, the length of exposurs, the
rate of ascent, the physical characteristics of
the mmdividual, and the roughness of the air
while 1 fhght

Fafth, the physiological mechamsms of ac-
chmatization, with special regard for the im-
portance of carbon dioxide, were analyzed
Also, the response of the average unacclima-
tized passenger was compared with the average
acchmatized airman

Swzth, a description of the various exper-
ments was then given, along with the presenta-
tion of the experimental data More than 237
subjects were studied during rapd ascents and
84 during slow ascents 1n the paits of the -
vestigation sponsored by the Bureau of Air Com-
merce The experiments were divided mto six
parts, as follows

Pare I —In the major experiment there were
two rates of ascent, approximately 20 minutes,
and 1 hour and 20 minutes to simulated alti-
fudes of 10,000, 12,000, 14,000, 16,000, 18,000,
and 21,000 feet A series of physiological and
psychological tests was given to each subject be-
fore and during each ascent The data was
treated by the usual statistical procedures
to determme the reliability of the observed
differences

Part 11 —In this experiment the varable of
age was partialed out for special study Three
age groups (17 to 20 jears, 30 to 45 years, and
45 to 72 yerrs) were given the iarious psycho-
logical and physiological tests durmng rapid
and slow aseents to simulated altitudes of
14,000 feet

Part 171 —The relationship between toler-
ance for alfitude and physical fitness was
analyzed in this part of the mvestigation A
group of physically “fit” and physically “unfit”
coliege students was studied during rapid and
slow ascents to simulated altitudes of 16,000
feot and during rapid ascents to 12,000 feet
Also, a group of patients diagnosed as ps3cho-
neuiotic, with prominent symptoms of fatigue
and exhaustion, was studied during rapid as
cents to simulated altitudes of 18,000 feet

Parts IV and V -—(Sponsored independently
by the Bureau of Air Commerce ) An attempt
was made to analyze the effects of reduced oxy-



gen pressute with and without an exeess amount
ot caibon dionude (30 percent) n the mmspued
air - The expernnents were made under thiee
different experimental procedures (1) low -ovy-
gen room at the Harvard Faligue Labotratory ,
(2} low-oxygen chamber at Columbia Univer-
sily, and (3) low-pressure chamber at Wriglt
Field, Dayton, Ohio

Pt VI —The finul aspect of the investiga-
tion dealt with the attempt to check the data
obtamed at swnilated altitudes in chambers at
cea level under actual fhight conditions at high
altitude on commereial air transports These
~tucies were carzted oul during regulal passen-
ger flights on tianscontinental (United Air
Lines) and frans-Pacihe (Pan American An-
ways) operalions

X Conclusions

The following lentative conclusions may he
stated concetning the effects of reduced oxyger
pressute on man from these experiments, as well
as from a review of the literature on the subject
These findings will be discussed under the fol-
Jlowing geneial headings 1 The specific alti-
tudles where the o1gamism 18 first affected and
where theie 15 a measurable degree of impair-
ment 2 The effects of altitude 1 relation o
ate of ascent 3 The cumulative effects of
lugh altitude, that 14, the length of exposure 10
1elation to deterimation o1, on the other hand,
to acchmatizattion 4 The way 1 wlhich the
physical characteristics of the mdividual may
influence the response of the organism to high
altitude, e-pecially age, physical fitness, emo-
tional exuitement or psychoneurotic behavior,
and alecohol 5 The role of carbon dioxide m
faclitating adaptation, and ¢ Interpretation
of the possible ways 1n which a reduction 1n
oxygen pressute may effect cellular activity and
bring about an alteration m phvsiological and
mental functioning

1 Phe Specific Altitudes Where the Organ-
win Is Fairst Affected and Where There 13 a
Measurable Degree of Impoirment —The main-
tenance of an adequate oxygen supply m the
blood 1s such an mmportant factor for all cel-
Imlar activity that chunges 1 the orgamism ap-
parently take place as soon as one leaves the
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ground m an aeroplane If one examines the
oxygen dissocietion cuive m relation to the pai-
t1al pressure of oxygen i the alveolar mar and
the barometiic pressuie, 1t 15 obiious that al-
teration< would naturally tale place at very low
altitudes (ef Iigure 9)

In 4 seites of expeniments on pilots during
the Woild War, Schneider (53) found that the
pulse rale per minute was accelerated 1n a few
nmen at 175 percent oxygen (3,000 feet) TIn
one gioup of 70 men the accelerations began
as folloms

1 percent begun to react between 7.000 and
8,000 ft —16 0-15 5 percent O,

12 percent began to react between 8,000 and
9,000 £t —15 5-14 9 pereent O,

20 percent began to react between 9,000 and
10000 ft —149-14 2 percent O,

14 peicent began 1o react between 10,000 and
11,000 ft —14 2-13 7 percent O,

23 percent. began to react between 11,000 and
12,000 ft —13 7-13 2 percent O,

20 percent began to react betwesn 12,000 and
13,000 ft —13 2-12 7 percent O,

O percent began ta react between 13,000 and
14,000 1t -—12 7-12 2 percent O,

Theie 15 liftle cvidence, however, that a
shight reduction 1n oxygen pressure, piving
rise to varions compensatory mechansms such
as an mitial increase mm circulation 1m hemo-
globn, or i pulmonary ventilation, is neces-
sa11ly harmful to the orgamism, especially 1f
the person 1s not 1l Tt 15 also well known that
frequent exercise of one’s adaplive mechanisms
may, on the other hand, be beneficial The
most 1uportant question therefore, 13 not
where the very fiist effects of altitude are man-
ifested but where the alterations may be ac-
centuated enough to actually wnpair one’s
sensory and mental funetions or bring about
physical sy mptoms of unpleasantness, such as,
Lieadaches, vertigo, excessive sleepiness, and
fatigue or exhanstion

In the series of studies reported above on
large groups of unacchmatized subjects, cor-
respording to an average cross section of the
flying public, the first mpairiment on psycho-
logical functions which proved to be statis-
tically signmificant was, on the average, i the



nerghborhood of 12,000 feet (The scattering
of the means rround the central tendency, how-
ever, was fairly large (¢f Figures 28 and 31) )
This applies fo the effects of a reduction 1n
oxygen pressure {under simulated conditions
of lugh altitudes) while the subject was com-
fortably seated 1n the chamber and completely
unaware of the extent of the alteration m
oxygen supply Cf Tables 12 to 15 inclusive
The only paychologieal test which showed sta-
tistical rehability at 10,000 feet compared with
the control was the one for immediate memory
following a rapid ascent Since the means m
this test were not significantly different from
the control at 12,000 feet, both for the rapid
and slow ascents, too much importance cannot
be attached to the above findmg In general
1t may be concluded that the average impair-
ment 1 the most sensitive and rehable psycho-
logical tests approximates 6-10 percent at
12,000 feet whether the oxygen pressure 1s re-
duced within one-half hour or 4 hours, mn n
chamber at sea level or 1n flights at hngh altitude
The phystologieal effects are also, on the
average, significantly different {rom the control
data 1n the neighborhood of 12,000 feet cf
Tables 8 to 11 inclusive The 1mitial inerease
1o pulse rate was sigmificant at 12,000 feet fol-
lowing rapid ascents, but not at 10,000 feet
The findings on the systolic and diastolic bleod
pressure are difficult to interpret since many
subjects show an increase and others a de-
crease, the net result bemng that the changes
mn the means are only slight until the more
acute stages of oxygen want are reached
Considered from the pomt of view of feel-
mgs of bodily discomfort, or m terms of
physiological and psychological complaints
{ef Table 16), the aierage unacchimatized pas-
senger 15 significantly affected at 12,000 feet
(cf Tables 16 to 18 mnclusive, also Table 23)
A certain number of subjects are affected at
10,000 feet, but 1f one considers all of the
variables, such as the numbers who might
have a headache from domg the tests in nor-
mal an, etc, 12,000 feet oppears to be the more
critical altitude Tlus apples to the com-
plaints mentioned voluntarily, as well as,
answer to the questions in Table 16, for normal
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subjects while seated 1n a chamber or in flight
at high altitudes

The results of other studies dealing with the
peychologieal effects of lowered oxygen pres-
sure are 1n general agreement with the find-
mgs of thig investigation In an expermment
with a Douglas bag, for example, Bills (9)
found that at 15 percent (8,000 ft ) oxygen the
number of “blocks” (1ndicating mental fatigue)
was 1nsignificant, but that at 12 percent (or ap-
proxamately 14,000 ft ) there was a sigmficant
degree of blocking (¢f Figure 43a) In experi-
ments on handwriting with a modified re-
breathmg apparatus Goralewska (26) found
that the mtial effects in & handwriting test
were apparent 1m 44 5 percent of his subjects
at 18-14 percent O, (cf Part A, Figure 43n),
and sigmficantly advanced m 52 9 percent sub-
jects at 14-10 percent O, (13,000 to 22,000 ft )
(ef Part B, Figure 43) In a series of psycho-
logical tests, McFurland observed that the 1ni-
tial effects were apparent in the neighborhood
of 12,000 feet (45, 48) As shown 1n Figure
44, the deteroration of motor control in hand-
writing 1s progressive with mcreasimng altitude
(45) Also Tanaka (64), as clearly illustrated
m Figure 45, found that increasing and de-
creesing the oxygen pressure in Haldane s low-
pressure chamber at Oxford significantly al-
tered the average subject’s responses on psycho-
logical tests 1n the neighborhood of sunulated
altitudes of 12,000 feet Other psychological
studies which tend to support this general con-
clusien of 12,000 feet as bemng the critical turn-
mg point are as follows Lowson, low oxygen
chamber (41), Jongbloed, low pressure cham-
ber (85), Barach, McFarland, and Seitz, low
oxygen chamber (3}, Wesp1, low pressure cham-
ber (67), Loewy, mountain expeditions (40)
Stern observed differences at 8,000 feet 1n the
Alps (62, 63), and McFarland, high altitude
flights following rapid ascents (44), and Mc-
Farland and Edwards high altitude flights
following slow ascent (49) In airmen who
are well acclimafized to high-sltitude flying
the psychological effects are hardly apparent
at 12,000 feet (49) During the Chilean Ex-
pedation (1935) ten men, between the ages of
29 to 44 years, who became acclimatized to
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high altitudes oser a period of thiee months @ The Effects of Aitwtude wn Relation to Rute
were not significnitly wnpaited m a series of  of Ascent —The 1esulls of this mve<tsgation in-
senso1y, motor, and mental tests until altitudes  dicate that rate of a<cent 1s an 1mportant vaii-
as lugh as 15440 feet, and 17 500 feet, indi-  able at 10 000 feet and above 1 e, 1f the average
cated fhit acdimatization 1s an important  <ubject 15 transported (o simulated altitudes of
variable of TFigures 46 and 47 (ref 44} 10,000 feet and above within 15-30 minutes the
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effects of the altitude are, on the average, sigz-
nificantly greater than when snmilar altitudes
are attained within one hour and thirty minutes
This appears to be true of the physiwological re-
sponses as well as the psychological ones

In regard to the phystologiceal tests, the partial
pressure of the alveolar oxygen was significantly
higher and the carbon dioxmide lower in the ac-
climatized members of the Chilean Expedition
compared with the subjects of this experiment

A ,u,wcu{ an‘?a ar Ju—«t "
fok b ﬁm?‘ - 06'-;"*'!-7-‘-

Abados P, ¥ nrisennls aC
tinidira by oedtociln,
P Pesimirg

Cordmman Al u;,g
e & A mfp el
/L‘W" )“"'L‘E '\?"1 (TR y-n.-{ I
LZL - 111—5,5\;'5'- I{ﬂ’f»f\ W'f’ta(/
0 4 £ ')"—/\'EJ'O “. i W!U—A-f‘d

i ‘ o Anetd
Il fulny ke 7

aﬂb a—ff/\ a /\M 5{} e
;“‘:2;”3 w”ffmgﬁ

1103N0, —16D00 T ALTITODE

/5%?‘[%}’«;@ S
%{S @([af:i%m?

028K0, — 20000 FT 4LTITUOUDE

{cf Figure 19), also the partinl pressure of the
alveolar oxygen in the alveolar air was lugher
i the airmen contrasted with the passengers
on the trans-Pacific fhights (ef Table 46 (49))
Iakewise, 1n these experiments in sumulated high
altitndes the partial pressure of the alveolar
oxygen was higher following slow ascents than
following rapid ascents (Figure 19)

In general 1t may be said that the vamations
1n pulse rates were less extreme, particularly at
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Figure 44 —Hendwriting tests at various altitudes (MeFarland)



14,000 feet and above following slow ascents
than following rapid ones  This may be venified
by obsexrving in the tables that the sigmficance
of the observed differences was greater for each
altitude following 1apd ascents than following
slow ones (cf Figures 16 and 18) TIn physically
unht subjects these differences were quite
marked At 14,000 fect and 16,000 feet, for ex-
ample, o number of subjects collapsed durimg
1apucl ascents, while they became fanly well
acchimatized during slow ascents to similar alti-
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tudes The physiological and psychological
complamts were also less numerous during slow
ascents as contrasted to rapid ones The greater
frequency of complaints during a rapid ascent to
16,000 feet contrasted with a stow one 13 clearly
demonstrated in Table 23 and 10 Figure 33

Rate of ascent appenred to be a mprificant
factor 1n suceess with the various psychological
tests at 12,000 feet and above This general ob-
servation may be verified in the case of each test
by referring to the relative degree of 1mpan-
ment 1 the rapid and slow ascents, particulaily
of the statistical sigmficance of their differences
(ef Tables 12 to 15, inclusive) These differ-
ences are very striking in certain of the psycho-
logical tests at 16.000 feet (cf Table 20), par-
ticularly 1o the “unfit * group contrasted to the
physically “At” group

These findings relative to rate of ascent have
been verified by Graff ® 1n Germany 1n a study
with animalg (mice} at critical altatudes 1n a low-
pressure chamber He found that the ecritical
level of 12,000 meters at an ascent of 1,000 meters
per minute was displaced upward 1f the pressure
was lowered slowly Armstrong and Heun** on
the other hand, in similar experuments at critical
altitudes (33,000 feet) observed that with 1ab-
bitg the faster the rate of ascent the higher the
altrtude tolerance These experiments with ani-
mals at critical altitudes between 30,000 to 88 -
000 feet, however, are not directly applicabls to
the responses of human subjects to moderate
altitudes of 12,000 to 18 000 feet In this mses-
figation under simulated altitudes of 10,000 to
18,000 feet, as well as under actual light conds-
tions to moderate altitudes, hoth passenpgers and
airmen appeared to acclimatize more success-
Tully during slow ascents (49)

3 The Cumulative Effects of Igh Altrfude,
1 e, the Length of E'wposure wmn Relation to De-
temaor ation, or, on the Other Hand to Aeclima-
tizetion —It 15 quite difficult to draw conclusions
from the evidence which 15 arvailable dealing
with the cumulative effects of reduced oxygen

“Graff W T Altliude stabllity rRa dependent upnn rate
of ascent In amumal experlments  Luftfahrtmed 1 3B51-354,
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Figure 45 —Psychological tests 1n low pressure
chamber (Tanaka)

1 Armatrong, H ¢, and Heun J W  Tactors 1nfluenclng
altitudr  tolerance during short exposures to decreased
barometrie pressures Jr Aviatlon Medlclne 9 45568 1D3R



pressure The problem 13 complicated by the
fact that at moderate altitudes of 8,000 to 12,000
feet one may continue to mprove during ex-
posures of 10 to 12 hours’ duration due to the
mechanisms of acclhimatization, while at high
altitudes of 15,000 to 18,000 feet, over similar
periods of exposure, the mechanisms of acchme-
tization may be madequate to compensate for
the oxygen lack and consequently deterioration
may set 1n after an hour or longer From the
experuments which are available thus far, the
evidence seems to indicate that the aierage per-
son can become acclimatized to 8,000 to 12,000
feet while seated quietly mm an aeroplane (or
mm a chamber at sea level) for 6 to 12 hours,
while exactly the opposite 18 true at 16,000 to
18.000 feet Several experiments may be men-
tioned to support this view

Durimg the trans-Pacific flights the passen-
gers and airmen mamtained a high degree of
mental and physical efficiency, 1 e, there were
no measurable signs of cumulative deteriora-
tion (49) On the other hand, two of the same
subjects 1n both experiments mamfested objec-
tive signg of deterioration rather than accluna-
t1zation after six hours at 17,000 feet m the
low-oxygen chamber at the Harvard Fatigue
Laboratory and also after 4 hours 1n the low-
pressure chamber at Wright Field Just as

McDOUGALL DETTING

SIMPLE AND CHOICE REACTION TIME
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Barcroft was showing marked signs of deterio-
ration following his six-day sojourn 1n the low-
oxygen chamber at sumulated altitudes of 18,000
feet, so were the subjects 1n the low-oxygen
room at the Watigue Laboratory quite uncom-
fortable after six hours at 17,000 fest As men-
tioned above, one physician collapsed after four
hours and a second one was markedly affected
after 6 hours at o similar altitude, not regaining
complete rationality for some hours following
the expertment In the Andes and i other
mountainous regions thousands of persons be-
came acclimatized to altitudes of 8,000 to 14,000
feet, and, as observed by the Chilean Expeds-
tion, over 130 miners, many of them from the
lowlands, were able to become acclimatized so
as 1o lhive at 17,500 and work at 19,000 feet
These miners, however, were unable to live per-
manently at the mine at 19,000 feet since they
were unable to sleep and soon showed marked
signs of deterioration (38, 44) Lakewise, on
the expeditions to the Himalayas the climbers
have found that although they can live for a
number of weeks or months above 20,000 feet,
defimite signs of deterioration are manifested
sooner or later, and they are forced to return
to lower altitudes

A diagram showing the effects of altitude in
relation to length of exposure has been drawn 1
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Figure 48 based upon the limited amount of sponse op the Orgamism to High Altetude,

experimental data available It <hould be kept  Aspecally Age, Physwcal Fitness, Emotional

in mind thai thewe cuves are very approXimale  Feeitement, or Psychonewiotie Behavior and
4 The Way i Whach the Physieal Character-  licohol —

ostecs of the Individuad Moy Inflience the Re- Agr —The experiments teported above dealing
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with the response of a large group of subjects
classified as to age indicate that there are sig-
nificant differences in cardiovasculal responses
One of the most strilong differences relates to
the fact that there was a tendency for less ex-
treme 1ncreases in pulse rate with merensing
age That 1s to say, just as Robmson and Dill
observed that the older a subject becomes the
less the pulse rate can be elesated mm meximum
work on the trendmill, so with oxygen depm-
vation the older the subject becomes the less the
pulse rate 19 1ncreased This indicates that the
circulatory mechanisms of adaptation become
more stabilized or less flexsable with increasmg
age Cf Figure 36 Although 1t may be daffi-
cult to draw conclusions as to whether this 15 o
good or poor sign of acchimatization, we ob-
served that the older subjects were less sus-
ceptible to sudden collapse or famting than
the youngest subjects of 17-22 years of age

(VERY APPROXIMATE}
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Figure 48 —The effeet of altitude shown n relation to

length of expoaure (McFarland)
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General observations on the ar lines tend to
vertfy these conclusions m that many subjects
over 45 to 50 years of age fly with very few
gymptoms from the altitude alone

The differences 1n blood pressure were not so
striking as 1n the pulse rate  On the average
however, the age group 45 to 70 years showed
an average tendency toward an elevated systolic
and diastolic blood pressure durimg the second
hour Cf Figure 37 The differences hetween
the various age groups 1n the partial pressure of
alveolar oxygen and carbon dioxide wera not
signmficant

The results from the psychologieal tests 1n-
dicated that although the older subjects tended
to be poorer, on the average, in the control ex-
periments, the relative impairment due to the
reduced oxygen pressure was not significant
based upon the relative change from a control
index=100 Cf Tables 12 to 15, mclusive

An extensive investigation dealing with age
as 0 variable 1 response to reduced oxygen pres-
sure has recently been carried out m Germany
by Schwartz ** The 237 subjects were studied n
& low-pressure chnmber The findings, 1n gen-
eral, were simlar to those from this investiga-
tion stated above, namely, that the older sub-
jects showed more stable cardiovascular re-
gponses to oxygen deprivation or altitude than
the younger ones and in general were less sus-
ceptible to collapse or famnting

PHYSICAL FITNESS AND PSYCHONEURCGTIC BE-
mavior —There are wide variations 1 ahlity to
tolerate reduced oxygen pressure based upon the
physical condition of the person bemg studied
On a number of occasions when the subjects
came to the laboratory for the experiments fol-
lowing a might of hmited or disturbed sleep or
with definite 1llnesses, such as the grippe, head-
aches, or ndigestion, the responses were pei-
ceptibly poorer and more extreme In con-
trasting the responses of two groups of students,
1 e, a physically “fit” group and an “unfit”
group there were significant differences in both
the rapid and slow ascents in the psychological
tests, cf Table 22, as well as the physiological

1 Bchwartz W Der Einfluss des Altere auf die Wlden
standsfahighelt gegen Hauerstoflmangel Luftfahrtmed ,
1 B3, 1026
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tests, ¢f Table 21  Practically all of the sub-
jects 1 poor physical condition collapsed o1
appioached collapse during rapid ascents to
16,000 fect Only two of these subjects, how-
ever, collapsed during slow ascents to silal
altitudes  Only one of the poorer subjects col-
lapsed following a rapd ascent to 12,000 feer

Passengers with marked respiratory o1 car-
diac defects should be discouraged from high-
altitude flying because of the possible harmful
effects from the reduced oxygen pressure A
numher of cases have been reported n the lit-
erpture suggesting that chimcal syndiones such
as malarle and tubercular disorders may be-
came more accentuated  Although 1t has been
suggested that the average cardiac patient awho
can walk can also fly, the altitude should be
restricled 1n patients with decompensated coro-
nary disease so as to ayoid any serious cffects
daring or after the flight The average cardiae
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patient 15 not apt to collapse during a flight, as
withessed by the fact that so few have actually
died on the commercial an transports Tt 1s
known that under certain degrees of oxygen
deprivation coronaly vasodilatation occuis, 1
which case 1t may well offset, in part, at least,
ihe unfavorable effects of high altitude

The average passenger who becomes too emo-
tionally excited or the one who 1s suffering from
an 1mpanment of the autonomic nervous sys-
tem 1s apt to respond to a reduciton 1 oxygen
pre~sure very poorly indeed We observed that
psychoneurotic patients from the chinic who
wete under constant emotional stress and who
complained constantly of fatigue and exhaus-
tion were moie susceptible to collapse when
suddenly placed m sumulated altitudes of 18,000
feet compared with control subjects This 18 n
line with a previous study by McFarland and
Barach (47) m which they reported that 70

m

10 PER CENT OXYGEN

Figure 49 —Degree of impairment 1n psychonenrotic patients under low oxygen (McFarland and Barach)
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percent of o group of psychoneurotic panents
collapsed when suddenly placed 1in sumulated
altitudes of 20,000 feet compared with only 14
percent of the control subjects Cf Figure 49
In this mvestigation the biochemical changes
in reduced oxygen pressure were 1nsignificant
m the psychoneurotic compared with the con-
trol group (cf Table 29} The neurocircula-
tory responses were significantly different, how-
ever, as manifested in more extreme reactions
in pulse and blood pressure Cf Tables 26
and 27 This observation 15 1n lime with the
findings of Schneider (54) who found that
pilots w ho tested below +7 1n the Schneider In-
dex were unfit for altitude flying and of McFar-
land and Huddleson (46) who found that large
groups of psychoneurotic patients made a mean
score of +7 or below 1n this mmdex compared
with +12 for an unselected group and +146
for college athletes Cf Figure 50 It 1s quite
possible that those individuals who ere under
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Figure 50 —Schneider Index 1n paychoneurotic patients
(McFarland and Huoddleson)

tenporary or chronic emotional stress are apt
to acelimatize poorly to a teduction in oxypgen
pressute smee the nervous mechantsms mvolved
m adaptation to oxygen lack are reported to be
somew hat similar to the ones mvolved 1n emo-
tional experiences (sympathetic nervous sys-
tem) The results of these mvestigations tend
to substantiate the genersl observations of pi-
lots that passengers who are especially “nerv-
ous’ or emotionally excited are apt to be
aflected adversely by high altitude
249413 41— 4

Arconor.—Although no special studies have
been made 1n this investigation of the effects of
alcohol on the avernge passenger under reduced
oxygen pressure, some evidence 1s available
which 1ndicates that the action of aleohol 15
greatly accentuated at high altitude On the
Chilean Expedition (reference 7) it was ob-
served that the blood alcohol rose more rapdly
and reached a higher leiel at high altitude
(17,500 ft and 12,000 ft ) than at <ea level (ef
Figure 51) Tf Peters and Van Slyke are cor-

2o SUBJECT A SUBJECT B
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Figure 51 —Rate of oxidation of alechol at sea level
and hgh altitndes (Chilean Expedition, McFarland
and Forhes)

rect 1 classifying aleohol as & lnstotoxic anoxia
1 e, an oaygen lack due to the failluie of the
tissues to be able to utihize the oxjgen once 1t 15
delivered to them then at lugh altitude one
would be subject to the effects of both a reduc-
tion 1 oxygen from the atmosphere and from
the aleohol as well This appears to be substan-
tiated from the observations of stewardesses on
the commercial air lime planes that those who
react to alfitude most ceverelv as mamfested by
excessive sleepiness headaches, or naousea, have



ndulged m excessive amounts of alcohol previ-
ous lo the flight  The average passenger shonld
be discouraged friom the use of alcohaol previons
toflying  The implications are obvions for the
pilots whao are in control of the airplane

5 Theloleof € arbon Dwmide on Facilutating
Aeclimatizotion to Il Altitudes —One of (he
most mmportant effects of a rednetion 1 oxy gen
pressute at high altitude 1s to biing abont varia-
tions 1n breathimmg and an alteration in the deli-
cate balances of the alveolar oxypen and carbon
dioxide  Numerous experiments, notahly those
of Y Henderson (30, 31) have shown the benefi-
aal effects of excess amounts of carbon diovide
m chinieal syndrones myolyimg respiratory fail-
ute In the experments de~czibed above m the
low oxygen and low pressure chambers with an
excess amount of earbon diomide {30 percent)
the beneficinl effects were verv sinking In
three different experiments the partinl pressure
of the alveolar oxygen and the percent satuia-
tron of the arlerial blood with oxygen were «1g-
nificantly merensed  Also there was a distinet
miprovement m the psyihological tests (ef
T.ables 31 to 41} No unpleasant effects nee
expertenced with 3 0 percent ¢arbon dioxide m
the ispiied air at sea level The 1esults md-
cate that this amount of carbon dioxide 1n the
mspited air gave rise to an mereased pulmonary
venttlation and a greater «nturation of the ai-
terial blood with oxygen which lowered the
altitude by approximately 5000 feet  These
findings suggest that an aceumulation of 2 to
3 percent of carbon diwoxide 1n the fuselage of
an aeroplane might prove to be of practical
significance i greatly increasing the pulinonary
ventilation and consequently in facilitating
acchimatization to logh altitude

6 Interpretation of the Effects of Hagh Alt-
tude on the Human Orgonism —The important
factor 1 high altitude which causes the ab-
normal symptoms 15 the diminished partial
pressure (or concenttation} of atmospherie
caygen and the consequent deciease of oxygen
in the alveolar air and arterial blood In gen-
eral the effects of reduced oxygen pressure are
approximetely the same whether they are
bronght about 1n a low oxygen or low pressuie
chamber o1 during fhghts to high altitude 1n
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an aercplane provided the 1ate of ascent, the
length of exposure and the physical character-
1sties of the mdividuals are comparable On
the averape, theie 15 a2 sigmificant amount of
mpairment 1n behovior, both physiologically
and psychologically when the partial pressure
of oxygen 1n the alveolar air drops to approyi-
mately 50 mm and the saturation of arteiial
blood 15 as low as (roughly) 85 percent (ap-
proxmmately 12,000 feet altitude) It should be
Lhept 1 mmd, however, that oxygen lack has
profound effects throughout the organmsm and
that there 1s apparently no single mechaniom
ol acchmatization of oni<tanding signihcance

It mav be tentatively concluded from these
and other studies of the effects of reduced oxy-
gen pressure that the 1mpaument m psjcho
logical functions may be attrbuted to the
alterations in both the oxygen and carbon diox-
ide  or more specifically, to the dmmimished
pattial pressure of oxygen 1n the arterial blood
being delivered to the nervous tissue  Thas
psvehological change 1s probably cellular 1n
origin, tather than due to alterations i eucu-
lation, 1n body temperature, o1 to the accumu-
lation of unoxidized metahohe products It i1s
lmown from previous mvestigations that the
alterations 1 the circulation (16, 28) o1 n
the body temperature (40) must be mole ex-
freme than those which oceurred in these ex-
permnents to biing about an impairment 1n
~ensory or mental functions (22}  Ner can the
Joss 1n efficiency be attributed to the accumula-
tion of loetie aud or other unoxadized meta
bolic products m the blood {Chilean Expedi-
tion,refs 11}  lhe vasomotolr reactions known
to occur under diminished oxygen pressule
produce vasodilatation and mereased blood flow
to various centers of the brain (23, 39)  Dut
the mereased blood supply cannot fullv com-
pensale fo1 the reduced ovygen supply and as
a 1esult the amount of oxygen 1enching the
cerebral tissue 1s reduced and the carbon di-
oxide tension altered (58,59) The final result
1- & diminished amount of oxygen being de-
Livered to the bram the cortical elements (or
more complex mental functions) being more
sensitive to oxygen lack than anv other part
of the central nervous ~ystem (16, 24) The



most. lmportant abnormal symptoms of high
altitude under approximately 30,000 to 35,000
feet, therefore, can be alleviated by the mainte-
nance of a normal partial pressure of oxygen
(159 mm Hg) m the inspired air
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