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THE EFFECTS OF OXYGEN DEPRIVATIOR

(HIGH ALTITUDE) (N THE HUMAN ORGANISM

Ross A. McFarlands

I. The Neceasity of Studying the Effects of High Altitude in Aviation.

The most important physical variables which affect the human
organism while in flight in the modern commercial aeroplane appear to be
vibration, noise, ventilation, temperature, rate of ascent and 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 pos-
gible exception of rate of descent and altitude, these factors have been
brought well within the so—called comfort zone. Their elimination as un-—
pleasant aspects of flying will soen bs brought aboubt by the skill of technical
engineering. The mogt important physical varlables which remain to be con-
trolled appear to be the physioclogical and psychological impairment resulting
from the lack of oxygen available for the organism at high altitude and the
action of sudden changes in barometrlc pressure on the sardrum of the middle
ear, These two problems are also intimately tied up with engineering skill,
for their soluticn lies in the development of supercharged cabins. Thias
equipment, however, will not be available for some time, and many doubt the
practicability of such procedures for flights of short duratiom in domestic
air transportation.

Thia report is concerned with the effects of the diminished par-

tial pressure of oxygen encountered while in flight at high altitudes on the

#From the Department of Psychology, Columbla University, and the Fatlgue
Laboratory, Harvard University. '
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averzge flyling populntlon. The development of the humsn organism has, for
the moct part, taken place relmtively close to sea level. There aure mil-
lions of people vho have becoms aneclimetlzed to rltitudes es high'us 8,000
to 14,000 feet In the mountelnous reglans of the Andes, the Alps, and the
Himaleyss, Howaver, transporting the humen body by aseroplane to aimilar
altitudes, even though for short periods of time, cannct help but have merked
affacts on warlous organlc functions. In spite of the amazing cepacity of
the human srganiem to adjust to sudden changes in the nhyslesl environment,
whether 1t be extremes In temperature, in humidiiy, in the ionizetion of the
gir, or in the berometric pressure and the consequant alterztion in the
svailable oxygen supply to the tissuses, the-problea demands thorough aclen-
tific snalyeis. The eventual success of commercial air transportation, in
competition with other means of travel, appears, among other things, to he
intinctely sssoecisted with mainteining a relatively normsl orgenism during,
and at-the end of each fllght.

Physiologists have been interested in the effects of high altitude
for many years. A number of extensive investigations have been carrled out
during verying nerlods of wecllmatization in mountsin expeditions, notably
those of Haldsne, Henderson and Schneider (18) to Pike's Peak (1911), of
Barcroft et =1 (2 ) to the Peruvlen Andes (1922) and of Dill et &l {17,%8) to
the Chilesn Andes (1375). In the Alps extenslve investipgations have been
carried cut by Mosso (51}, Zumtz (70) and Loewy (40). More recently Hartmann
(29) heze made studies at very high altitudes in the Himelayas. There is
also =2n extensive smount of data evailable from the experiments of the

. physiologists =snd psychologiqtﬁ who selected the pllots for sltitude flying

during the World War rith the rebreather apoaratus snd low pressure chamber.
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In addition, there i3 an extensive literature dealing with many specislized
aspects of the effects of oxygen deprivation im chamber experiments with re-
breathing devices and with Douglas bags. Although the dert= from all of these
sources are relevant, the sxperimental procedures have not duplicated the
specific rates of ascent end altltudes which are experienced by passengers
during the average flight on the domestic air lines.

In this report, therefore, an gttempt has been made to ob-
serve the physlological, blochemical, and psychological changes asscciated
with varyling rates of ascent and lenpthsof exposure to altitudes of 10,000
to 18,000 feet. Approximately 209 subjects, varying In ege from 18 to 72
years, were tested indlvidually. For the most part they were of average
physical fitness, with the exception of the group of psychonesurotics whose
chief complaints related to chronic exhaustion end fatigue. On account of
convenience and expense, the experlments have been earrled ou£ in a low ox-
ygen chamber at sea level. These findings heve been compared with the data
from a limited number of experiments in & low pressure chamber =znd during
setual flights at high eltitude. Thus far we have attempted to study only
the effects of the most importent varlable of high altitude, namely, the
diminished partial pressure of oxygen. Further experiments should be carried
out during actual flights to high altitude to cbserve whether the changes in
total pressure will give results significantly different from those obtsined
from alterstion in the partial pressure. It is also important to determins
whether the psychologiéal effects of flylng due to fear, etc., will signif-

lcantly alter the data obtained from chamber studies at sea‘IEVEl.



II. The Physical Factors of the Fnviroomsnt at High Altltude.

The eir which ie inspired at sea level contsains, by volume, and
on the dry besis, £0.93 per cent of oxygen (Op}, about 78 per cemnt of nitro-
gen (Np), 0.04 per cent of carbon dioxide {COz), end about 1.0 per cent of
the inert gases, argon, ueon, xenon, krypton snd helium. Since oxygen
constitutes about one-fif'th of the air, the partiasl pressure of oxygen
alone, thersfore, is 159 mm. Hg. As one rises above the level of the
sea, the pressure of the atmosphere falls (berometric pressure) so that
at sny given altituds the concentration of geses in a givem volume of
air i3 reduced. At 19,000 feet, for example, &although the composition
of the air i8 unaltered,l the totsl atmospheric pressure ané the partial
pressure‘of oxygen are reduced one-helf. The partiel pressure of oxygen
1n the lunge 1s less then helf thet &t sea levely alap stmospheric air
becomes saturated with water vapor at 37° C., as it reeches the alveoli
of the lungs regardless of the barometric pressure. Thus 47 mm. of pree-
sure muet be deducted from the 760 mm., givlng us dry sir in the depth
of the lungs at a pressurs of 713 mm., & Teduction of about 6% at sea
level. When the bherometric pressure 1s ope-half normal, the diluting
effect of water vepor will be twice as great &s atiseé level. There is a re-
duetion .of oxygen percentage from that in the atimosphere to that in the

elveoll (due to

1

In the recent stratosphere experiments of Captein Stevens, sampling of
the satmoaphere indicated that the composition of the air is practically
unchanged up to sn eltitude of approximetely 14 miles,
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dilution by the residuel eir of the lungs) of one~fourth or even one-third.

We heve, therefore, at sea level in the mlveoll am oxygen percentege of 14

to 15, and an oxygen presesure of 103 mm. Hg on the sverage. The pertial

pressure of the oxygen of slveoler air normelly ia gresier then that of ths

blocd streem, resulting im a flow of oxygen from the alweoli into the blood

where it is held in combipation in the blood cells by means of hemoglcbin.
Teble 1 shows aititude in reletion to the barometric pressure,

the partial pressure of oxygen in the atmosphere, the pertisl pressure of oxy-

gen in the alveolar air, and the percentage of oxygen evailable for the crgenmlam.

Table 1
" Berocmetric Og Pressure in Equivelent % Op
Pressure Og Pressure Alveolar Air in Air Diluted With

Altitude {mm. Bg) (om. Hg) (mm. Hg) No 8t Sea Level
Sea level 780 159 103.0 20,93
6,000 802 128 78.0 16.58
10,000 506 106 63.5 13.94
14,000 444 93 53.0 12.23
18,000 380 80 45.0 10.46
22,000 388 71 396.0 9.0
28,000 2535 83 . 20.0 6.97
30,000 230 47 6.33

The reletionahip between 8ltitude, barcmetric pressure and the
percentage of oxygen aveilable for the orgenism is shown 1n Table &, both
for the stendard atmosphere and &t e constent temperature of 15% Centigrede

{date from U. S. Bureau of Stendards). A comparison between the U. S. Buresu



Table 2

Bureau of Standards

Reletlon of Altitude, Pressure end Uxygen

AiT

Altitude Tamparature Presaure Temperature Stepdard

Feet ¢ mn.Hg.  Conatant, 15° C. Atmosphere
0 15.0 780.0 20,75 20.75%
1,000 13.0 7I2.9 20,01 20.15
2,000 11.0 706.5 19.29 19.56
3,000 9.1 881.1 18,60 18,99
4,000 C7.d B56.3 17.92 18.43
5,000 5.1 632.3 17.28 17.88
6,000 3.1 609.0 15,63 16,83
74,000 1.1 586.4 16,01 l6.82
8,000 -0.8 564.4 15.41 16.31
2,000 -2.8 543.2 14.83 1%.81
10,000 -4.8 BR2.6 14.2%7 15.32
11,000 -8,8 502.6 13.72 14.84
12,3800 -8.8 483.3 13,20 14.38
13,000 ~-10.8 404.5 1£.688 12,93
14,000 ~12.7 446,.4 12,19 13.49
15,000 -14.7 428.8 11.71 13.05
16,000 -16.7 411.8 11.24 12.63
17,000 -18.7 385.3 10.79 12 .22
18,000 =20,7 379.4 10,36 11.82
19,000 -22.6 364.0 9.94 11.43
20,000 -24.6 349.1 9.53 11,05
21,000 -26.6 334.7 9.14 10,68
22,000 -28.6 320.8 B8.96 10,32
23,000 -30.8 207 .4 8.39 9.97
24,000 =32.5 £94.4 8.04 %.63
26,000 =34.5 281,.9 7.70 2.30
26,000 =36.5 269.8 7,37 B8.97
27,000 -38.5 268.,1 7.05 8,66
28,000 -40.,5 246,9 6,74 B8.35
29,000 -42,5 236.0 6.44 8.03
30,000 -44 .4 2285,6 6.16 7.78
31,000 ~406,.4 215.5 5.88 7.48
32,000 -48 .4 205.8 5.62 7 .20
33,000 -50.4 186.4 5.356 6,94
34,000 =52 .4 187.4 5.12 6.88
35,000 -54.3 178.7 4,88 6.43
36,000 -55.0 170.4 4,65 6.15
27,000 -55.0 162.4 4.43 5.86
38,000 -55.0 154.9 4,23 5.59
59,000 -55.0 147.6 4.03 5,32
40,000 -55.0 140.7 4,01 5.08
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of Standerds data and the Zuntz dats of the relationship between altitude
snd oxygen per cent is shown graphically in Figurs 2. At 14,000 feet, for
example, where the barometric pressure 1s 4980, the percentage of oxygen
gvailable for the organism at 15° Centigrede 1s only 12. A number of well
known cities and mountain pesks have been charted in Fifure 3 in relation
to the wvarious stations established by the Internstional High Altitude Ex-
pedition to Chile (1935). (uf. 38,44.j

The original contzntion of Paul Bert (1878) hes been amnly veri-
fied by subsequent ressarch; nswely, thot the importent factor In high
altitude which causcs the ebnormal sympioms in the organlsm 1s the diminu-
tion, not din the mechenical or totrl pressure but in the diminished
partiazl pressure of the atmospherle oxygen and the con-
sequent deeresse in the clveolar dxygen end orygén saturation of the arterial
blood. In cother words, he demonstrated quite concluslvely that the physio-
logical asction of oxygen and other goses depends on thelr partisl pressures.
In a series of experiments on animals (chiefly sparrows) (Figure 4), Bert
proved that death was due elther to incressed pressure of carbon dioxlde or
to dininighed pressure of oxygen. At ordinary pressure, and with ordinary
air enclosed in the vessel (Figure 4), desth occurred when the oxygen per-
centage fell to about 5.5 or when the csrbon dioxide reached 26 per cent.
At half the ordinary pressure,'?.o was the fatal oxygen percentuge, so that
the partial pressure of oxygen was the seame; and so on dovn to pressures of
s third and even a fourth of en atmosphere. The cause of desth depended
simply on whether 3.5 per cent of an atmosphere of oxygen or 2€ per cent of

an atmosphere of csrbon dioxide was resched first. The mere mechanical
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pressure had no observable influence. Bert repeuted these experiments on
himself wnder less extreme conditions snd obtained similar results. If,

for example, he breathed excess oxygen from outside the chamber through a
tube (Figure 4), but varied the barometric or total pressure in the chamber,
he remsined normal umtll simulated altitudes of 30,000 to 35,000 feet were
reached. These findings have been verified on numerousrbccasions b Hzldane
(28A), Schneider (65}, and others, and it is generslly accepted that the 11l
effects of sltitude are primerlily dus to the diminished oxygen pressure.

The above interpretation of the cause of mountsaln sickness was
challenged by Mosso (51) twenty years later (1898), who maintailned that as
a physleal consequence of the low atmospherlc pressure more carton dioxlde
wag washed out of the blood in the lungs (acapnia) snd that this was- the
most lmportant cause of mowmtain sickness. Subsequent research has clearly
established the fact, however, that the excessive loss of csrbon dhkoxide
which occurs at low atmospheric pressure is due to the increased breathing
ceused by the lack of oxygen. Acapnia, therefore, although an important

contributing cause, 1s only a secondary result of the lowered oxygen pres-
gure. Cf. Haldane (#B4), Henderson (30), and Schneider (54),

A number of experimenters have verified Bsrt's conclusions that
even while breathing excessive gusntitles of oxygen life cannot be main-
tained much beyond 35,000 feet altitude. Recemtly L. Hill (33) has ob-
served that even while breathing 100 per cent oxygen loss of conscioqsness
oceurs in men and monkeys when the barometric pressurs falls to spproximately
115 mm. Hg or 45,000 feet. Marked motor incoerdinetion ss judged by hand-

-writing tests. and general physiological and psychologlcal deterioration



begin 1n the neighborhood of 35,000 to 40,000 feet.

In order to keep = person in an environment simllsr to that at ses
level while in flight at high altitude, ss far =s oxygen is concerned, one
need only increase the percentage of oxygen in the insplred =irn for the
partlal pressure of oxygen is correspondingly increased. In other words,
to meintaln a partial pressure of oxygen in the inspired air equivalent to
159 mm. Hg =t the varlous altitudes, the percentsge of oxygen should be in-
creased in the proportions indicated in Teble 3 snd Figure 5}7]In practice,
while in flight at high slititude, these percentages should be greatly in-

creased, since no sllowance for ventlilation and wastage haa been made.

Table 3

Mtitude in Relation to Barometrlc Pressure and Percentage of Og

Needed to Meintain 150 mm. Hg in the Inspired Alr

Bsrometrlc
Altitude Pressure 0o Per Caent
(in fee®) (mm, He) Neaded.

0 760 21.0
14,000 530 50.2
15,000 440 36.4
20,000 378 42.7
25,000 315 50.8
20,000 260 61.8
35,000 220 72.8

It 13 on this principle that the various typee of oxygen supply apparatus
used in altitude flights are constneted. By decreasing the percentage of
oxygzen (barometric pressure being unchanged) the partisl pressure of oxygen
18 decreased: This is the method employed in the rebreather or altitude

clasaification test st sea level. On the contrary, by increasing the
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percent.ge of oxygen in the Inspired air, the partial pressure is incrensed.
At 47,770 feet, for exsmple, the barometrlc pressure is 148 mm., Hg and the
pertizl preassure of the oxygen of the atmospherie ezir 1s Z2 mm. Hg—-%too low,
of eoursc, to sustein 1life. If by use of sn oxygen supply apparstus the
percentare of oxygen in the inspired air is ineressed from 21 per cent to
approximately 30 per cent, then the partlal pressurs of the oxygen of the
inapired zir would be .80 x 148, or 1183.4 mm. Hg, a pressure capsble of sus-
teining life indefinitely.

II1., Description of the Varlous Methods Uged in Studylpe the Effects of
Oxygen Want. (Anoxia). *

& great deal of the confusion which exdasts relative to the effescts
of oxygen deprivation i1s probably due to the interpretation of deta ohtained
with different experimental procedures. The results may very, therefore,
not because of the different effects of oxygen want produced by reducing the
total pressure =s contrasted with the partial pressure, but due to differences
in the length of exposure, i.z., whether the various mechsnisms of acclimatiz-
etion have had a chance to take place. Also, in experiments of short dura-
tion the subject may be able to compensate by exerting greater effort. Be-
fore attempting to state the extent to which data obtalned by the variocus

methods are compsrable, a brief description of the essential features of
each will be discussed.

1. Mountain expeditions. The most satisfactory way of studying

the effects of oxygen want over any extended period of time i3 to arrenge
to live at high altitudes In mowmtalnous regions, as in the Alps or the

Andes. Provided exposure to cold, excessive fatigue from climbing, etc.,

*The word anoxis is preferable to anoxemim beceuse the latter term refers to
oxygen lack in the blood alone. (62)
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can be controlled,. the mechaniems of ecclimatizetion relating to the de-
creased oxygen pressure can be observed with grest preoision. Following

the inltial period of mountein sickness one hecomes adjusted to the lack of
oxygen and remains fairly comfortable while at rest. The highest altitudes
to which man can become permenently acclimatized appeer to be in the neigh-
borhood of 18,000 feet as observed 1n the mining communities of South Americs
{44).

2. The low prespure chamber. In the low pressurs chamber both

the pressure of the elr emnd the concentration of oxygen cen be altered so

that the atmospheric conditions existing at high altitude can be simulated
precisely at sea level. By means of & vacuum pump, ths jgigl_pras;pra can

be reduced corresponding to the precise atmospheric conditions at high alti-
tude. If the percentage of oxygen is kept constant, the emount of oxygen
available for the orgenism will decrease in the ssme feshion 18 in a seroplane
climb. A valve system automaticelly regulates eir inteke end edmits s stresm
of fresh air to the chamber. In simulating sscent, the air is pumped out
faster then it is allowed to enter, and in simulating descent, the pump is
turned off end eir is admitted at eny desired rate. Any altitude may be main-
talned as long &s deslred. From the point ¢of view of reproducing precisely
the etmospheric condltions encountered during en seroplene ascent, this proce-
dure probably is the most satiasfactory. These chembers are not simple to
operate efficiently, particularly if it is deslired to regulate not only the
ventiletion but tempereture and humlidlty eisc. One of the low pressure cham-
bers ussd in testing pilots for altituds tolerance during the World Wer &t
kineola, Long Islend, is shown in Figure 4. The results of a typical expexri-
rent in this chember at 18,000 feet is shown in Figure 6. Cf. Air Service

Medical {E65).
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3. The low oxygen chember. In low oxygen chempers the supply of

oxygen, or the partiel pressure, 1&g diminlshed by diluting 2ir with nitrogen,
leaving the totsl pressurse the ssme =5 in the normel atmosphere at sea level.
The oxygen pressure can be reduced at the deslred rete by running in nitrogen
from a cylinder through & flow meter simuleting the reduetion in oxygen pres=-
sure during e flight to high altitude. A motor blower unit mey be used to
circulete the sir. The tempsreture and humidity mey be controlled by blowing
the contents of the chember over ice sc &s to cool end dry the alr; or prefersably,
an alr donditioning unit may be installed so as to control sutomaticelly these
veriables. The accumulation of eerbon diorxlde is prevented by plecing scds
lime in the air elrcult. A low oxygen chember simplified in design snd opers-
tion by Barech (4) is shown in Figure 4. This type of chamber is frequently
used 1n clinical medicine in syndromes involving enoxie, such as pneumonia,
anphysema or cerdiec¢ disorders. The per cent of oxygen in the inspired air

is increased fram 21 to 40-50 per cent. They sre eesy to operate, end ere
quite spacious snd comforteble for experimental purposes. The expense 1e coﬁ~ -
si@er&ble, however, due to the supplies of nitrogem and oxygen which are
neceseary to malnteln the desired experimental conditlons. In this experi-
ment, most of the tests were carried out in a chamber similer to the one

shovn in Figure 4.

4., The rebresthing spperetus. This method involves the use of a

rebreathing machine such a2 the one devised by Henderson and Pierce (1) for
testing the tolerance of aviators for high sltitude flying during the World
Wer. A photograph of this sppsratus is shown in Figure 4. With this proce-

dure the subject bresthes over &nd over again the seme air with the carbon
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dioxide absorbed by soda lime. The oxygen i¢ greduslly ebsorbed by the sub-
ject end it is thereby reduced from 21 to 6 or 7 per cent. The averore sub-
ject usuelly resches the 1limit of his cepacity to withstand the efTects of
oxygen deprivetion in 20 to 25 mimutes. The time &t which various changes
oeceur in respirztion, pulse, and blood pressure i& noted. The results

from two typicel experimente with this apparatus aere shown in Figure 7 (sub-
jeet in "poor treining”) and Figure 8 (subject exceptionally good). By
enelyzing the air in the tenk at the end of the run, the eltitude which the
subject is supposedly sble to stend 1&g determined. A series of psychologl-
cel tests glvén during the experiment on the rebreether involve: (1) choice
reaction times to m series of 1lights; (2) control of the speed of a motor
with the foot from =suditory cues; esnd {(3) the regulation of en smmeter from
visusl cues. Since sll three of these tests are spplied throughout the
experiment, signe of deterioretion usuelly show up in one or more of the
tests. The chief criticism of this procedure is thet the experiment tekes
place too rapidly and the subject, by exerting great effort, mey be sble to
withstend the effects of the mcute oxygen want for short perlodsof time until
the finel stages of deterioration. These experimente probably were successful
in éliminating physicelly wunfit pllots, but & felse impression wes given a&s
to the altitudes at which evistors could remain for eny length of time and
meintein thelr physicel and mentel cepacities. Flack (19) devised a some-
what similer spparatus for testing pillots in the Royel Air Force. This same
principle of graduelly absorbing the oxygen avalleble and thus constantly re-
ducing its percentsge is widely used in physlologicel research on speclalized

aspscts of asnoxia. The hindrence involved to the subject from the rebreething



N S
Ho 4
3
\ SRATOLIC ’/\
fog \ ™~ / \
SARSHETER, T80 W.n
— - " - =T == —_ = = = = e = = e =
".
’.
»
A
) —
o =Ty
! DIArroLi '~
i ”
M- o »
L _.Ir-. - - w ﬂ-
0 ¥~ ”
) .
!
i divest AR 0y
.
_._._.-n—""\‘
divepcaa Cop
2o
1
f
f
.7 r 7o F7) 7 7 7 ] a0

=N.E,F, Jube 7, 1918. Taken to 380 mm. (18,000 feet) In 13 minutes In the low-pressure chamber and maintalned ‘at that level
This casa [usirates the ntermalation of the pulse rate, respiration, and oxygen-carrylng capacity of the blood.

FIG. 6. (AIR SERVICE MEDICAL)




200

140

120

a0

80

40

20

REBREATHING EXPERIMENT

PILOT % Oy
| T T '
f —— OXYGEN PER CENT
r : DIASTOLIC B.P 3
|
: -==- PULSE
—~ RESP. (N DECIL. PER MIN.
—a-= SYSTOLIC B. P. 5
: 7
i >
,_-_____’_-_-— - — -..___.“
7 - - °
~.-7 g b
v
/ -
A ] e L et e s s ™ — |
e \‘0"(\_ \\ I3
T rw” WL ——
/ ()
// _ 17
/ 19
21
N © 4 8 12 s 20 24 28 3z

TIME IN MINUTES

FIG. 7. (AIR SERVICE MEDICAL)




200

180

160

140

120

100

80

80

40

ro

REBREATHING EXPERIMENT

CADET % Oz
|
I l [ ] !
—— OXYGEN PER CENT K
—— —— DIASTOLIC B.P. '/ 3
=== PULSE '/
—- RESP. IN DECIL. PER MIN. L/ ;
| —-- SYSTOLIC B.P. 7 / 5
’
I ) /
Vi /
| ( g | /\ ’
- <l
'h‘ \ ’A"/u -' \‘/ ” \--—‘
AN ~1 |
Y R / £ i ‘ ) 9
’ - " S a N . ph- / ] L}
I - - - P
P_I- T PN 1 7 . L‘ \
{ | / \ \
== L It
4
Y, :
P 4 |
-~ s — A
N L7 el S e N
AR ~
Y / SRS
7 A '3
/ / i
|9
/ : : 21
0 4 8 2 8 20 24 1] 32 as

TIME IN MINUTES

FIG. 8. (AIR SERVICE MEDICAL)




«l3=-

spperetus, moutbpiece, etc., is dlsadventagecus for experimente involving
psychological tests. More recently, Christensen end KErogh (15) bave recom-
mended for testing pllois the uase of & rebreather of 200 liters' capacity
end contzining 13 per cent oxygen to begin with. OSince it teie=s 7 or 8
minutes to lower the oxygen percentege by 1 per cent with thlis procedure,
from % to 40 minutes elapse before the oxygen is reduced- to 7.6 per cent,
where collepse mey be anticipasted in the average subject. The reduction of
oxygen pressure 18, therefore, more gradual, meking 1t possible to obssrve
the reections of the subjects over longer perlods of time.

5. 'The Douglas bag procedure is &8 felrly satisfactory methoed for

studylng speclelired aspects of enoxie during short durations in the lebore-
tory. The oxygen concentraticn can.be determined for eny deesired percentege
by running compressed air end nitrogen into the bsg through & ges meter. If
a 1,000 liter Lougles breathing beg is used, the supply may be sufficlent to
laet for two houre with the comcentration remelnlng the seme throughout the
experiment. The subject, with the nose eclipped, breathes the oxygen mixtuvres
from the bag into the room through & mouthplece. It is difficult, however,
to epimulete the gredusl reduction of oxygen pressure experienced during
flights to high alititude by this method, and the mouthplece tende to distract
the inexperienced subject in teking psychologicel teste.

8. FYligkts to high eltitude by seroplane or ballcon. The early

balloon ascents by the meteorologist, Glaisher (25), and the balloonist,
Coxwell (1862), =snd the French sclentists Croce-Spinelli, Sivel end Tisssndier
(1875), friende of Psul Bert, first cslled attention to the striking symptoms

of diminished oxygen pressure on the humen mind and body (Figure 4). Although



their eccounts of the effects of altitude wers based on subjective re-
porte, subsequent research under more controlled conditions has verified
their genersl observations relating to sensory and mental impairment.
Thig method is obviously impracticel for scientific research relating

tc the bumen problems of modern eir transportetion.

The most direct attack upon the physiological end psychological
effects of eltitude in commerclel air transportetion would be to carry
ocut experiments under actual flight conditione. By such & procedure the
conditions ecould be controlled relating to rate of escent, height attelned,
length of exposure, etc. The chief obstacle to such experiments, if they
were to be carried out with large numbers of subjects over prolonged
periocds of time, would be the expense of mainteining end operating one of
the most recent and best equipped planes used in commercisl aviation. If
plenes of the moat recent design and construction were not used, the
vibration, noise, lack of space, and other distractions possidbly would
give rige to as much impaireent in the psyohological end certein of the
phyelologicel measurements at moderate eltitudes =& would the lowered
oxygen pressure. Chember studies et seea lavel-are desirasble if one wiehes
to separete the reletive effecte of oxygen deprivetion frum the effects
of meny of the other variables of flying, such ag vibtration, emotiomal
exclitement, sudden movements of the plane, etc. Experiments at sea

level, however, csnnot be entirely substituted for ones under actusl flying
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condltions &t high eltitude. It 1s importent to determine, for example,
emong meny other things, whether the emotionel excitement and verious
mecheniams of ecclimetization tend to facilitate or hendicap the average

person's reaction to diminished oxygen pressure while in flight.

IV. Are the Hesults from These Various Metbods Comparable?

In attempting to enelyze the effects of oxygen went on passengers
while in flight on cammercial air transport plemes, it is importent to
determine how much of the experimentetion cen be carrieﬁ out in low oxygen
and_low'pressure chambers at sea level end how much must be cerried out
while in the eir. The fcllowing tentative conclusions based upon thas
data thus far evailsble may be stated:

1. The originel contention of Peul Bert, verified by such
authorities s Haldane (28A), Beroroft {24), Y. Henderson {32}, Scimeider
(65}, and more fecently, by an extensive series of experiments in Germeny
(11}, sppears to be well founded; namely, thet the importent effects of
high altitude result from the diminished partiel pressure of oxygen.

If one is interested primerily in the effects of diminished oxygen pres-
sure at high eltitude for e given altitude, rate of ascent and length of
exposure, the essential conditlone can be reproducéd by reducing the totel
(barcmetric) pressure (pressure chamber} or by reducing the partial pressure
or percentege of coxygen by diluting eir with nitrogen (low oxygen chamber

and Douglas beg).
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2. The psychologicnl effects, i.e., sensory, motor end mentel
deterioration, have been practically the seme vith 51l of the methods mentioned
ehove when rate of sscent snd lenpgth of exvosure have been held constant.
This also assumes that the subjects hsve not been seriously impeded by frce
mssks, mouthpleces, ete. The results of the rebresthing experirents durlng
the World War are not comparsble and imply o false (too high) ceiling, since
the subject tended to overcome the offects of oxygen wsnt for short neriods
nf time by exerting grewter effort. The drte from chamber studies are more
comparable since adequate controls can be run snd the subject is unhampered
by mouthpleces, etec.

3. A number of authors have suggested recently theat there are cer-
tain differences in the physlologicsl responses to changes in the total pres-
sure (low pressure chsmber) as contrasted wlth the psrtial pressure {low
oxygen or nitrogen dilution experiments). Kaiser (3%6) believes that under
the latter conditions: (e) the circulstory responses sre different; (b) one
does not bulld up a tolerance for anoxiz by repested exposures; {c) the
aftereffacts are mors serious, lasting for a number of days or weeks;

(d) the loss of consciousness precedes severe cramps, while during a change
in total pressure the reverse order follows; and (e) 1ln cslculating the
partial pressure of oxygen snd corresponding altitudes that s sublect can
tolerate, the altltudes are at least two kilometers higher than that which
ectually can be reached at high altitude. It should be kept in mind that
Kalser's experiments were carried out.at the extremes or critical levels
of oxygen want. These differences, if true, are probably of less signif-

icence at more moderats altitudes, i.se., 8,000 to 18,000 feet.
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Another physiological difference in the response to decreased baro-
metric pressure which might not be present in nitrogen dilution experiments
hes been brought forwsrd by Meteeff (42). He has suggésted that the decrease
in barometric pressure tends to expsnd the entire vasculsr bed, thereby reducing
the pressure on the circulatory system. If the wesculer system within the
sbdominel cavity expends owing to the genersl elestioity of the ares, part
of the effective pressure in the beart will be lost to other more rigidly
‘confined wascular arees, the braln perticulerly sufferiﬁg by the disturbed
distribution of blood. Since the circulstory responses to moderate altitudes
are not extreme, thls can hardly be of great significance during short expo-
sures of severel hours' curetion. Furthermore, the wvesculer erea ls filled
with s l1iquid thet cannot expend at & constant preesure; hbence, there could
be no change in the vsscular asres without a change in volume of the eirculat-
ing blood. This has not been demonstrated 1in han, except possibly after long
scclimatization. The expension of gases in the abdomen and the possible im-
peiment of the digestive processes under conditions of low barcmetric pres-
sure as contrasted to chenges ln partial pressure alone may be of some signl-
ficence, especielly if gas forming foods heve been ingested previoue to the
expariments.

It is also possible thet the chenges in inter-creniel pressure are
différent under lowered barometric pressure ss contrasted with .nitrogem dilu-
tion experiments. Armstrong, for exemple (personali commnication}, has re-
ported merked changes in intn;ﬂmnial pressure in goets under lowered baro-
metric pressure at very high ultitudes. The needle wes placed ir the cisterna
megna. The elteretions were first observsble around 16,000 feet, while the
increase was 400 per cent at 25,000 feet. The administration of 100 per cent
oxygen had no effect in decressing the pressure.-'ﬂbwever, it is not desirable

to meke direct epplications from the resulte obteined on enimel subjects to
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humsn subjects. A4lso, 1t is well known from the studies of Schmidt (58,52},
Lennox (39}, Gibba (23) and others (£4) (16) that oxygen want under any
condition gives rise to cerebral vasodilatetion- and incressed blood flow,
which could ecause an Ilncresse in intra-crenisl pressure. In gen-
eral, although certain physiological differences may occur in experiments
involving changes in the totel pressure as contrasted with those of nitrogen
dilution alone, the differences sppesr to be of minor significance at mod-
erate altitudes.

4. The most Important variable which sppesrs to have glven rise
to markedly different resctions at simllar reduced oxygen pressures relates
to rate of ascent and length of expeosure, or the iength of time during which
the oxygen pressure has been lowered and maintalned at a constunt level. As
indicated above, the rebreathing experiments during the World War geve rise
to the impression that altitudes of approximately 18,000 feet could be
tolerated without oxygen because no serious impsirment wss manifested in
many of the subjects wntil just previous to collapse at very high altitudes.
The results from chamber studies over longer periods of time, where the sub~
Jects ere unaware of the changes in the oxygen pressure and do mot compen-
sate by exerting greater effort, have indiceted considerably lower sltitudes.
in order to remuin within mergins of ssfety.

Marked differences also appear to be present in comparing the
effects of altitude when attained by flight in en aseroplene as contrasted
with a motorcar or rallroad train. The winding railrcad track or motor rosd
of the aversge mountald route, as contrasted with the aeroplane in smooth

elr (also the absence of continual disturbances of the visual fields), may
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partially asccount for the fact thet one rerely sees typlcal mountain sickness
in &n eseroplane at altitudes where it may be first observed on mountein rail-
ways.

To the question, can the data obtalned at see level be applied
to the effects encountered while in fiight at high sltitude, it mey be
enewered that the results obtained tlms far scem to indicate that for corres-
ponding retes of mscent and lengths of exposure the physiologlesl end payeh-~
ocloglcel effects ere qulte compereble, whether the oxygen deprivetion is
brought about by reducing the totel pressure or by nitrogen dilution. 1In
fact, &8s indicated above, there are certein adventeges to be obielned from
ch&mber_studies at sea level, in thet the effects of oxygen went alone can
be separated from the effects of vibration, nolse, emotionel excitement and
rough alr. However, experiments st sem level cannot be entirely substituted
for those carried out while in the elr becsuse some subjects may Improve due
to acclimatizetion, while others may deteriorate due to the emoticnal response
to the more realistic setting.

V. Importent Varisbles of High Altitude in Aviation.

The responee of the sversge passenger on a commercisl alr trans-
port plane to the lowered oxygen pressure encountered while in flight mey be
influsenced by 8 large pumber of lmportsnt varisbles. Since these werious
factors are of such great importance in understanding the physiological end
psychological chenges mssociated with successful seclimatization, ‘& number of
" the more importent ones are listed below. In the experiment which will be
reported later, the rate of ascent in reletion to the altitudes where the
effects are first menifested end where the effects eppear to become marked

(1.e., between 10,000 feet end 20,000 feet) have been studied in a large
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group of subjects verylpng in age and phyeicel fitnecss.

l. Helght attsined. At what sltitude is the evermge passenger

first affected physiologically and psychologicelly? Where are the effects
merked, and at what altitude are the effectis dangerous?

2. Rate of ascent. Whet rate of ascent is most sdventageous so
thet mechenimme of scelimatizatlon ¢en be brought Into ectlon in the aversge
passenger? TFor exemple, ia it poseible to teke passengers to 12,000 feet in
1 hour and 15 minutes without serious dlstress, while in 15 minutes serious
Impeiment 1s menifestsd? What are the effects of sudden losgs of pressure
or a very repld rate of descent, other than on the middle ear?

3. Length of exposure. At what sltitude can one become com-

fortebly acclimatlized so that no 111 effects sre manifested followlng the
exposure, and at what altitude does deflnite deterlorztion set In after a
certaln number of hours, even though =n inltial adeptetion appears to be tak-
ing place? For example, even though the avercge passenger is able to adjust
to 10,000 feet or 12,000 feet for 3 to 4 hours, does he ghow definite 111
offecte after & to 8 hours?

4. Amount of phyeiesl exertion. At what altitude does a stewardess,

8 pilot, or e cemeramsn menifest symptoms of anoxemia, as contrested to the
pasgenger who 8its quietly during a £flight?

5. Roughness of the eir and movements of the plens. In what way

or waya does rough alr accentuste the effects of e lowered oxygen pressure,
or does "amirsickness™ become more acute whsn combiped wlth the effects of
anoxlia at high altitude?

6. The physical characteristics of the individual. Since ovne of

the most striking festuree of the response of e group of pessengers to high
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altitude is the grest diversity of reccctlons, whet ore the most significant
fretors? In : groun of 207 subjects, for exemple, several may collspse st
12,27 or 12,720 feet, wvhile athers may not collspse until 24,000 feet is
reached. Whst sort of - distrlibution curve could be constructed so as to
establish 2zfe altitudes of overstion for the entlre flying population? A
number of important vrriables =ppasr to bet

() Age-—chronologicel age contrastod vith physiologicel age;

(b) Toler-nce due to repesated flights;

(e) Amount of regular exercise ecch duy or week;

(d) Degres of fatipue previous to fllight;

(e) Number of hours of slesp the previous night;

(f) The kinds of food ingested;

{g) The smount of alechol or narcotles previous to the flight;

(h) Emotien~1 ndant-tion, freadom from vorry, mentsl cénflicts, etc.s

(1) Degree of relaxation or the reverse, l.e., muscular tenslon;

(j) Clinicsl snomrlies, such sy eardlac disorder, znemia, asthme,
melarie, metabolic disturbahees, tuberculosis, ete.

VI. The Physioloriesrl Responces of the Orgrnism to Lsck of Oxypen and Excess
Carbon Dioxide.

There is no storage of oxygen in the body, unlike meny other chem-
ical substences necessary to meintain 1ife, such a- garbohydrate. In
emergenciés of oxygen want, the release of red cells (oxygen carriers) by
the splzecn :nd bone marrow may be considered rs a storehouse in a limited
sense, In men the blood is renlly the only storehouse for oxygen, and its
egapecity is very limlted. Hence the body lives a hand—to-mouth existence

with respect to its oxygen supply. When the available .supply of oxygen is
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shut off, there is loss of consclousness within e minute or two. Meny
physiologists estimate that the deteriorstion of the corticel tlssue due to
orygen lack 1s so profound that reccvery is impossible efter 8 to 10 minutes.
The lower centers of the brein and the spinsl cord may survive after one-half
hour or more of oxygen deprivetion. The efficiency of one's body is depen-
dent upon the constency of the internal enviromment, l.e., the reguletion of
tempereture, weter, oxygen, the hydrogen-ion concentration, etc. Since man's
hicgher nervous faculties developed due to the coumstency of these organic
processes, &n extreme veristion in any one of them, perticulerly the oxygen
percentage, will produce striking effects on the nervcus system end other
tissues of the body. The seet of oxidetion 1s the living cell and the queantlity
of oxygen teken up by the cells is condlticned primarily by the degree of
actlvity of the orgeniam.

The uge of breathing, of course, is to obiein supplies of oxygen
for the tissues and to get rid of the carbon dioxlide, thereby meintelning
the proper balence of gesses in the blood. The mir in the alveoll is brought
into vroximlty with the lung capllleries, thus providing for the exchenge of
geses between the blood and the alir. There iB a reduction of oxygen in the
elveoli (lungs) to sn average of 14 per cent, due to dilution by the residual
eir in the lungs. The aversge composition of carbon divxide in the slveoli
18.5.5 per cent. The venous bloed which comea to the lungs gives off carbon
dioxide and takes up oxygen until 1t comes into equilibrium with the sir of the
slveoll. Omn account of the pressure of oxygen in the elveoll being greeter
than that in the bleocod, oxygen is sbsorbed into the blood by diffueion. Slight
elterations in the slveolar carbon dioxide pressure csuse great chenges in

breathing. In the case of exerciee, for example, more oxygen is absorbed
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by the tissues and a greater amount of cerbon dioxide 1s given off. Increased
breathing tekes pleace immediately so &5 to wash out the excess carboan dioxide
and restore the esquilibrium. Teble 4 shows the average amount of carbon

dioxide produced per person during the warious conditions of activity (69).

Table 4

g in cugic centimeters per minute

Condition (0° C. end 760 mm. Hg)
Rest--in bed «197
Rest--gtanding « 264
Walking--2 m.p.h. +662
Walking--3 m.p.h. ‘ «FER
Walicing-+4 m.p.h. 1.399
Welking=--5 m.p.h. .29
Heavy labor - 4.78

During vigorous exerelse the demsnd for esztra oxygen by the tiesues
is met by e numder of importent phyeiological chenges, the chief ones being:
{1) & very greet increase in lung ventilation; (2) e large incresse in the out-
put of the heart per minnte; {(3) m rise in the arterlial pressure so thet the
blood flows in greater volume pér minute through the expanded capillaries of
the region where ectivity requires a greater oxygen supply; (4) heightened
rate of dirfusion or exchange of geses in the capillaries of the lungs and
of the contracting muscles; and (5) a slight imcrease in numb;; of the red
.corpuscles. Thus the rate of breathing will vary: (i) in proportion to the
degree of activity of the body, i.e., the metabolic rate; and (2} with the
reaction of the blood; i.e., 80 &8 to maintain the appropriate oxygen tension

in the blood.



Brecthing appesrs to be controlled =zutometically by the respiretory
center, & small ares loceted in the medulle oblongeta at the bess of the breain.
If this center is destroyed, all rhythlmical respirstory movements cease, or,
if these cells are totally deprived of oxygen within 8 to 10 minutes, the
destructive changes sre so great thet they do not recover. The intimeste
connection between the nervous end chemicel control of breething is shown by
the activlity of the respiratory center, since its functioning depends, smong
other things, upon the comﬁosition of the gases 1in the blood circulating
through it.* During anoxia with a decreassd percentage of eveilable oxygzen,
or during exercise with an increosed percentege of carbon di.xide, the
erterial blood visits, among othsr olaces, the respiratory center, the
cerotid sinus aend carotid bndy. (It hes been shown thnat the carotid body
1s especislly sensitive to esphyxial or encxemic blood.**} The excess carbon
dloxlde aets as & stimulus, end the cells discharge more nerve lmpulses to
the muscles of respirstion so thet their action is more vigorous. Thus the
inereesed ventilation of the lunygs pumps out the extra carbon dioxlide until
the proper belence is again resched. The heart rate, which elso lncreases,
exposes the blood more often in & given length of time to the slveolar air.
Thus more oxygen 1s supplied to the deficieney of the respiratory, cardiac,
and vesomotor centsrs of the medulls (69).

The extreordinary sensitiveness of the respirstory center cen be
demonstrated by the fact thet en incresse of only 3.22 per cent carbon dioxide
in the alveolar sir will cause the ventilation of the lungs to be inersased

100 per cent. Fxcess carbon dioxide in the insplred air beyond the normal

*For en suthoritetive sccount of the regulation of resplration by the blood
gases, c¢f. L. J. Henderson. Blood: A Study in General Physiology. Yele
University Prese, New Haven, 1928, and R. Gesell. The Chemicel Regulation
of Respirstion. Physiol. Rev., 5:5B1, 1925.

**Heymans, C., Bouckaert, J. J., et Regniers, P. Le Einus carotidien. Doin,
Paris, 1333. )



0.04 per cent has noticeable effects, since the rise in slveolsr carbon
dloxide hinders ;limination of the eicess carbon dioxlde. There 18 incressed
breatilng with full and rapid pulse with 4 per cent carbon d;ohide, and con-
pensstion is still more difficult with a further rige; &t 6 per cent,-head-
ache and mentel confusion develop. Toxlc effectis sppear with hirher per-
centages; the heart slows; consciousness is lost; the breathing becomes
feeble and finslly ceases. FExperimental work indicetes that the veriations
in ordinary breathing are due to an increased production of carbon dioxide.
For example, when the carbon dioxide percentage of the inspired air was in-

creased, the lung ventilation lnereased es is shown 1n Table 5 (6%9).

Table 5
Per Cent COp Average Respirstory Per Cent of Increese
Volume (liters} in Lung Ventilstion
.03 6.3 —
1.00 8.3 32.0
2,00 11.3 79.5
4.00 13.4 207.9
6.00 | 32.7 418.6
8.00 46.5 539.0

The amount of oxygen which cen be carried by the blood 15 dependent
upon the quentity of hemoglobin locatsd in the red cells. In ite ordinary

form, oxyhemoglobin is a bright red color and contains oxygen which it readily

perte with in the .tissues. It then becomes reduced hemoglobin, which is of
rhich in turn In the alvezli,
& purplish color end/ebsorbs oxygen from the eird{ The arterial blood in

normel subjects et seas level contains from 94 to‘96 per cent of lte hemo-
globin in the oxygenated form and only 4 to 6 per cent in the reduced form.

TUnder resting conditions the blood is from 60 to B85 per cent setursted.*

*For authoritetive discussions of bhemoglobin and oxyzen in relation to high
eltitude, c¢f. Peters, J. P., end Ven Slyke, D. D. Quantitative Clinical

Chemistry (Chapter 12). Willlams & Wilkins, Beltimore, 1531, end Dill, D. B.
Life, Hezt end Altitude. Herverd University Press O bhria - 1977
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The amount of oxygen tsken up by the blood depends upon the pertial pressure
of oxygen iln the alveolar sir, the tempersature of the blood, the concentra-
tion of selts in the blood and the hydrogen-ion econcentration of selts im
the blocd {carbon dioxide tension). During rest the whole blood volume
passes through the lungs esbout once per minute, and &t may pess as often as
ten times during exercise. When the asrterial blood is imperfectly saturated,
the condition which develops is celled anoxemje. It is indiceted by the
bluish color of the skin end lips (cxanosiq).

VII. The Physical and Psychological Responses of the Orgsnism while in

Fiight at High Altitude.

The moet importent physiologicsl changes masociated with the dimin-

ished barometric pressure at high altituée (Figure 9} ere as follows: (e}
stimiletion of the respirstory center and an increase in the pulmonary ventila-
tion; (b) a decrease in the alveolar oxygen and carbon dioxide tensions
(Figure 9; =lso Figure 10 from Haldane {314) end Figure 11 from Schnelder (65));
{¢) diletation of the alveoli favoring a more efficient ruspiratory exchange;
(@) an initiel increase in the heart rate and blood pressure end an increase
irn cardiec output, followed by a gradual return to normel while at rest;
(e) an increase in the amount of hemoglobin in the circulation (ef. Figure 12
from Baldene (31A)); {f} = decreese in the srteriasl oxygen ssturstion esso-
clated with the fejl in alveolar oxygen tension (Figure 9); end (g) changes
in the acld-bese equllibrium--the initial effect being one of mlkalosis ass80-
ciated with the .excess eliminetion of carbon dicxide. Sudden and extreme
anoxemia depresses the activity of the respirstory center so that & delayed
effect may be the retention of cerbon diozide &nd econsequently an acid reac-
tion in the blood{cf. McFarlend {44)).

The psycholaglceel changes follow closely the repidity and severity
of the physiolagical elterations in the orgenism. If enoxemis 1s produced

suddenly, me during sn aeroplene ascent, the most sfriking effects ere on the
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central nervous system. The psychologlcal impairment is insidious and often
completely unobserved subjJectively. When the barometrlc pressure is reduced
one-third, i.e., to 480 mm. Hg, at approximately 12,500 feet, the psycho-
logleal changes are objectively measurable by tests (45). A review of the
literature indicates thst the average unacclimstized subject during short ex-
posures menifests only slight Impairment at 12,000 feet and detericorates
rapidly at 15,000 to 16,000 feet. In a recent high altltuds expedition to
p&ychological
the Andes, significent/changes in acclimntlzed subjects were not observed un-
til 15,500 and 17,500 feet altitude (44), where the oxygen saturation of the
erterial blood in ten subjects averaged BD per cent and 78 per cent raspec-
tively (cf. Figure 9). (17)

Previous studies dealing with the effects of high altitude while in
flight have been chiefly concernsd with the physiological changes during rapid
ascents, l.e., within fifteén to twenty minutes, to eritieal
altitudes varying from 15,700 to 25,000 feet. Schneider and Clarke (56) made
observations on the changes in the alveolar oxygen and carbon dioxide during
rapid ascents to 15,000 feet. Schnell (57), Beyne (7 ), Fromius {21), and
Schubert (60) have carried. out experiments dealing primarily with the circule-
tion, respiration, alveolar air, end metabolism during seroplane ascents within
one-half an hour to 18,000 to 20,000 feet. On trans-Andesn flights of approxi-
mately one-half hour's duration to 14,000 and 16,500 feet, McFarland (44) made
observations of the sensory and mental functions as well as the alveoler air
and circulation. These au‘ﬁg}s all emphasize the psychic nervous involvement
and the impairment of sensory functions above 14,000 to. 16,000 feet. In

rapid ascents as high as 26,500 feet with pllots, Baertschi ( 5 ) observed that
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feslings of euphoris were noticesble up to 18,500 feet. Beyond that height
woskness end apathy were noticeable, and in addition, there were disturbances
of mttention, of volition, and of the speclel senses, accompanied by marked
sleepiness end fatigablllty. (49)

A number of experimente on eirmen hsve indicated that repeeted flighte
to high mltitude facilitate mecelimetlzation as menifested by a greater sccelerstlon
in the pulmopery ventilstion {20}, snd incresse in the red cells end hemoblogin (37},
aﬁd & higher mlveolar oxygen partiel pressure. Fronius (21) found that deily
flights have the seme effect‘as & prolonged stay in the mountaina end that
progressively higher altitudes could be tolersted. In comparing a group of pilots
who could tolerate very high altitudes with those who could not, Christensen end
Erogh {15) found that the good ones showed a grester pulmonary ventllation, 2
distinctly lower partiesl pressure of carbon dioxide, snd a higher partisl pressure
of oxygen, Thus there is some evidence that pilots become partially-acclimatizad
through repeated flights to high sltitude, particﬁlarly thoge who show en initisal
favoreble response. No extensive studiea have been made of the effects of high
aititude on lerge numbers of passengers at comparable mltitudes to those attelned 7

in commerciel air transportetion (49}.

PART II, EXPERTMENTAL STUDIES

I. Statement of Problem

As indiceted previocuely, this report attempts to analyze the effecte of
fiying at high sltitude on the mverage unecclimatized psasenger under present flight
conditions on commerciel air transport planes, Interest Las centered in atudying
large groups of subjects, verying in physicel fitness and in age (from 18 to 72 years)

at different
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rates of ascent and lengths of exposure to altitudes of 10,000 to 18,000 feet.
An attempt has been made, therefore, to determine the altitudes where the
physiologlcal effects are extensive enough to bring about an impairment in the
average passenger's psychologicel reactions and gemeral comfort or feeling
of well being, as well as the altitudes which appsar to be definitely danger-
ous. In addition, an attempt has been made to determine the importance of
rate of ascent relatlive to the specific sltitudes studied. For example, i3
the average person significantly impaired at 10,000 or 12,000 feet, and if he
is affected psmychologically or in terms of discomfort by a raplid ascemntto
12,000 feet in 15 minutes, will he be able to make a better adjustment, i.e.,
remain mentally alert and comfortsble, if that altitude 1s atiained during 1
hour and 15 minutes; also, are 2 or 3 hours at 12,000 to 14,000 feet positively
dang;rous to the average passenger's general phyaiqal well being afte? that
aliitude has been once attained?

II. Genersal C f the Ipv .

The entlire research program may be divided into six parta and the
various experiments will be discussed in the followlng order. Parts I to IV,
inclusive, wers sponsored by the Bureau of Air Commerce:

Part I. This experiment was carried out in the Applied Laboratory
of the Department of Psychology at Columbia University. Over 200 subjects
weré studied at various simulated altitudes and at twe rates of ascent ns showm
in Table 7 in a low oxygen chamber. The tests included continuous records of
pulse end blood pressure; alveolar oxygen and carbon dioxide and a series of
slx psychological tests involving motor, sensory, and mental

functionsa.
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Pert II. The second pert of the investigation was concerned wlth
the problem of age in relation to ability to tolarrte oxypgen deprlivation or
altitude. There were three groups of subjects divided into the following age
groups: 18-30 years, 30-45 years, and 45-72 years. In this study the tests
mentionaed in Part I above were given following & rapld ascent to a simulated
altitude of 14,000 feet in the low oxygen chamber at Columbla University.

Part III. The third aspect of the study was concerned with the ques—
tion of physical fitness in relation to ability to tolerate high altltude.

In this part of the Investigation a group of Columbia college students In
good physicel condlition were compered with those in poor heslth but without
definite organic illness. The testing procedure wes simllar to the one
described above. In addition, 30 control or "aormal" subjects and 35 psycho-
neurotic pafients from Vanderbilt Clinic without organic illness but with ob-
Jective slgne of "chronle exhaustion and fatigue" were tested tvice, once
unde; control conditions, i.e. normal air, and once following a rapid ascent
to a similated altitude of 18,000 feet in the low oxygen chamber at Columbia
Univeralty. In this part of the investigation samples of blood were teken
at the beginning and at the end of each session in addition to the Sc-h.ne:l.der
Index and psychological tests.

Pert IV. In cooperation with the late H. T. Edwards of the Rarvard
Fatigue Laboratory, a serles of tests were made on four subjects in the low oxygen
chamber at Columbia University, with and without 3.0% carbon dioxide in the
inspired air. A serles of physiological and psychological tests, as well as
enalyses of the blood grses, were made on each sublect in an sttempt .to de-

termine the value of excess carbon dloxide to counteract the effects of the

oxygen want encountered &% high altitude.
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Purt V. In cooperation with Dr. D. B. Dill and/E. T. Edwards a
number of experiments were carried out during the past year in the low oxygen
room at the Harvard Fatigue Leboratory, Boston, sand in the low pressure chamber
at Wright Field, Dsyton, Ohio. The results of these studles, especially the
psychological data, wlll be reviewed briefly sc as to compore the dats ob-
tained at similar altitudes under different experimental procedures of re-
ducing the oxygen pressure. These studies will be reported separately by Dr.
L. B. Dill et al, since they were sponsored by the Fatlgue Laboratory independent
of the grant from the Bureau of Air Commerce. The purpose of these expgri—
ments was to test the effects of more prolonged exposures to simulated alti-
tudes of 14,000 and 17,000 feet over a six hour periocd with 2 normal emoumt
of carbon dioxide and with the addition of 3 -per cent carbon dioxide in the
Inspired air.

Part, VI. During the Summer months san ol-aportuniw was afforded
through the cooperation aof United Alr Lines end Pan American Airways
to carry out a number of studlss during trenscontinental flights,.as well as,
during the more prolonged flights of the trans-Pacific operations. These in-
vastigations have been reported separately but will be briefly referred to
here s8¢ 58 to compare the data obtained under actusl flight condlitiopms with
those collected under simulsted altituwdes in low oxygen and low pressure
chambers at sea level. The eseentisl information relating to thése various
parts of the investigation, such as number of subjects, altitude, rates of
ascent, etc., has been summarized in Table 7. _;

III. Experimental Procedurs. b
In the majJor experiment (Part I) a large number of sub]ects were

studied at six different altitudes from 10,000 to 18,000 feet at two rates
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of ascent--rapid (15 to 30 minutes) and slow (45 minutes to 1 hour and 30
minutes). The rapid ascents averaged between €00 and 700 feet per minute,
and the slow ascents less than one-hslf as fast. The altitudes and the time
required to simulate these ascents are shomm in Tables 6 and 7 and also
graphically in Figure 13. Once the simulated altitude was reached the vari-
ous tests were given twlce during the two hours st the altltudes indicated.
The length of each experiment varled from 3 and one-hslf to 4 and one-half
hours, depending on the rate of ascent. Over 250 experiments were carried
out in the main part of the study. Io a number of cases two subjects were
studied at the szme time; however, for the most part the subjects were tested
in the chamber individunlly. Two experimenters inside the chamber gave the
tests and one outside the chamber made frequent analyses on the Haldane ap-
paratus of the percentages of oxygen and carbon dioxide in the chamber.

The subjects came to the laboratory at least 1 and one-half to 2
hours following 2 meal both in the mornings and afternoons. In the serles
where blood samples were collected, the subjects came to the laboratory in
the mornings under basal condlitions. Ea¢h subject was given the verious tests
a day or so orevious to the experimental series so as to become acquainted
wlth the procedures and also to‘attempt to overcome the effects of practice
in the peychologlical tests. After the subject entered the chamber, a complete
series of tests was trken before the ascent. Then the various tests were
repeated twles, as indicated in Figure 13.

The tests were given in a Barach portable oxygen chamber (7 x 8 x 8
feet), where the gases, temperature, ventilation, and humidity could be regu-

lated (4 ). The concentration of oxygen was maintained at the desired



Table &

TIDME REQUIRED FOR RAPID AND SLON ASCENTS AT

ALTITUDES INDICATED

Time in

Altitude Minutes
10,000 R=pid 15
10,000 8Slom 40
12,000 Rapid 20
12,000 Slow 45
14,000 Rapid 20
14,000 Slow 45
16,000 Rapid 30
16,000 Slow 75
18,000 Rapia 20
18,000 Slom 90
21,000 Rapid 35

Length of stay-~two hours. Data taken as of con-
trol, first and second hour.



Table 7

NUMBER OF SUBJECTS IN THE VARIOUS EXPERIMENTS

AT THE ALTITUDES AND RATES OF ASCENT INBICATED

Number of Subjects

4 Rapid Slow
Experiment Altitude Oxvygenl . Ascent| Agcent
Part I. Major Experiment on |{1) 10,000 feet 14.25 18 14
Effects of Altitude éz) 12,000 feet 13.20° 14 12
3) 14,000 feet 12.20 50 13
(4) 16,000 feet 11.25 27 19
(5) 18,000 feet 10.35 30 13
(6) 21,000 feet 9.15 12
Part II. Age in Relation to [(1) 14,000 feet 12.20
Altitude {a) 17 to 30 years 50% 13
(b) 30 to 45 years 15
(¢) 45 to 72 years 16
Part III. .
4. Rate of Ascent and Alti-{(1) 16,000 feet | 11,25 10
tude in Relation to (2) 16,000 feet 10
Physical Fitnesa {3) 12,000 feet 13.20 10 '
-B. Psyéhoneurétic Group {1} 18,000 feet 35
C. Control Group (same ag
Part I) | (1) 18,000 feet B0*
Part IV and Part V.
Low Oxygen (11% Os) Ex- |{1) 18,000 feet
periments with and with-
out Excess Carbon Dioxide
(3.0% 002)
(a) Columbia Experiment 17-1:2,000 feet 4
(b) Harvard Experiment 17,000 feet 4
(¢) Wright Field {(Low
Pressure Chamber)
Experiment, 17.22,000 feet 4
Part V1. Experiments while
in Fiight on Commerclal
Air Transports
(a) Transcontinental Flights §-12,000 feet 8
(b) Trems-Pacific Flights 8-12,000 feet 14
Total number of subjects 255 108

*Same group of subjects as in Part I; not included in total.
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percentage by running in nitrogen.®* The carbon dloxide never exceeded 0.7
per cent. Samples of the gas mixtures were teken inside the chamber at the
time the alveolar air was taken; also,n sample was taken by an assiatent from
the cutslde of the chamber. The analyses were made with s Haldane gas
analysis apparatus. These determinations were made 2t the beginning and end
of each period when the percentage of oxygen wus altered. The ventilation
was provided by a motor blower unit. The air current was passed through a
tank which contained ice to cool and dry the sir. The temperature was main-
tained between 68-74° F., and the humidity between 40-50 per cent. The chamber
was in a pert of. the laboratory free from distractions and other outside in-
fluences. The experimenter was orotected sgoinst the effects of amnoxis by
breathing additional smounts of oxygen through a nasal catheter. The mmall
change 1ln percentage of oxygen was compensated for by a small amount of
nitrogen from a cylinder outside the chember.

The suyblects. An attempt was made to get subjscts to serve in the
experiments who were of the same socio-economic status as the average flying
population. In the main experiment many of the younger subjects were umder-
graduate and graduste students in Columbis University. Those who were mora
advanced in age were for the most part professional men in New York City en-
gaged in the practice of law, teaching, or business. The total age range

was from 17 to 72 years. The subjects varied in physicel Pitness from

*The altitudes corresponding to the oxygen mixtures in the chamber were de-
termined by data compiled by the U. S. Bureau of Standards {ef. Table 2) which
relate altitude, barometric pressure and the percentage of oxygen available
for the organlsm at edch level. The calculations are based upon a constant
temperature of 15°% C. with allowance for the dsy-to-day varlations in the
baromatric pressure.
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college athletas to those who led sedentary lives wlth a very limited
amownt of exercise. There was also a failrly average distribution as to
height and weight. Those with known organic 11lness were eliminated from

the experiments. As a result of the tests, however, a number of the indi-
viduals were shown to be in very poor health and were sent to the University
Medicel Office. Ome of' the subjects, for example, collapsed at 9,000 feet
after approximately 10 minutes during the ascent. About ﬂélf of the subjects
volunteered to serve because of their general interest 1ln aviastion. The
others were pald by the hour for each experiment. All of the subjacts were
mzles.

The physiological snd pgychological tests. During each experimentsal

session a series of physiologicel snd psychological tests wes given to each
subjects a3 follows:

Physiological tests:

1. Pulgse rate recorded practiczlly continucusly during the
agscent and at freguent intervals thereafter.

2. Systolic and disstolic blood pressure. Tycos recording

sphygmomanometer.

5. Alveglar oxygen and carbon dioxide. The analyses were

run in dupllcate on the standard Haldane gas analysis
apparatus.

Payrchological testss

1. Hendwriting. The subject was asked to copy 8 lines of
the Swedish language.

2, Heterophoria test for ocular muscle balsnce (1).
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Choice reaction times (Sillitoe apparatus) (61). 50

reactlons on & portable reaction time apparatus with

five colored lights. Time recorded in hundredths of a
second.

Color naming. Both time and errors were recorded during
the naming of colors (68).

Code test. Cf. Johnson and Paschal (34). Recording of
the time and errors involved in transliterating 50 letters
from = code.

Memgry (66). Immediate recall for series of ten four-
letter words after exposure for 15 seconds esch.

Record of siological and chological complajntg.
Each sublect kept a running account of his chiefl symptoms
in his own handwriting. Alsoc at the end of each experi-
azent the subjecta indicated their chlef silments on &

standardized test form (cf. Table 18).

Biochemical tests (Parts III, IV, and V)3

1.

2.

Lactic acid {Priedemann, Cotonio and Shaffer).

Blood sugar (Folin-Wu).

Inorganic phosphorus (Youngberg).

Calcium (Clark Collip).

Creatinine (Folin-Wu).

Hemoglobin (Newcomer).

Blopd gases, Vaﬁ Slyke apparatus. (Arterial oxygen and

carbon dioxide.) (5%)
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Statistical trestment of data. The pulse and blood pressure records
were taken practically continuously during the asdent snd well into the first
part of the first experimental hour so ra to follow the acclimatizetion made
by the subjJect. Thereafter pulse and blood pressure records were maede every
10 to 15 minutes. In the final data the pulse and blood pressure records were
averaged for successive S-minute intervels during the sscent and for every 20-
rinute period during the femaining 2 hours.

The zlveolar alr samples were taken 3 times during each experiment,
first wnder control conditions and againat 15 to 25 minutee of the first and
gacond hours at each mltitude. A" sample of the air in the chamber was also
taken at the time the alveolar alr was collected. Each sample was snalyzed
in duplicate on the Haldane apparatus.

The scores for each subject in the various tests were obtainsd first
under control conditions {air) previous to the ascent and again during each of
* the two hours followlng the rscent. In the tables these three scores, Control,
I end II, represent the averages for the number of forms or triais on sach test
_ for the reapecti%e ﬁerioda.'

#11 of the scores for the physiological and psychologlesl tests are
grouped according to altitude and rate of ascemt. Separate groupinés have been
made for age ana physical fitness. The final results are recorded in terms of
means, veriability (standard deyiations) and critical ratios {determination of the
significence of a difference between means in terms of probability).

These data have been treated by the usual statistical procedures. In

;
determining the critical ratios, use was made of Figher's method for small samples

(ef. Guilford, J. P ., Psychometric Methods, Hcﬁraw;Hill, 1936). The critieal
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ratios are important, since they are measures of the probabllity that the dif-
ferences between the sem level end the altitude means sre slgniflcant, l.e., due’
to the effects of the diminished oxygen pressure rather than resulting from sampl-
ing errors and variability. These messures are shown in the tables In terms of
chances in 100 that the difference could have arisen by chance. It is generally
accsfted that 5 chaness in 100 or less indicates = 8ignificant difference, and

i8 so used in the results-of this study. (cf. Fisher (164},

Gince the control scores in the various experiments were not identical
dua to different subje_cts being used, the changes in the mesn scores in the
physiological and psychological teets (with the exception of the heterophoria
test) are also shown as per cent change, with the control score being taken as
100. The uss of per cent change from the control mskes dirsct comparison of
- results easier and at the seme time made it simpler for charting the datsa.
| The essentlal comparisons have been mede between the resulte obtalned
“in the phyalological and the psychological tests at sea level a;d et the res-

poctive altitudes after a rapid ascent, using first hour data onlf. A comparison’
ﬂas al;o been made for the differsntial effects of rapid and slow ascents to s
particular eltitude, and finally the differential effect of age and physical fit- -

nesp at a single altitude following & rapid ascent.
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Ihe pulse rate. The alterations in pulse rate per minute for each group-
(throughout the experimental session) under the varlous conditions of rate of
a3z=nt end sltltude attained have been summsrized in Table 8. In" dddition to
the means, the standard devistion (index of weriability within the group), the
significance of the observed differences (whether the difference is due to chance-

.or not}, and the index of change (control = 100) are shom for the various groups
mder the conditions as indiceated. The average increase in pulse rate during
rapld ascents appeared to be significant statistically during the first 20 minutes
at 12,000 feet; however, the mean pulse rate dropped to the control level by the
end of the first hour. At 14,000 feet and abovs the mean pulse rate remained
significantly higher throughout esch experimental period. The first significarmt
increase during slow ascents was at 16,000 feet.

The extent of the varistions in puls;e rate during rapld ascents vary-

ing from 10,000 to 18,000 feet are shown graphically in Figure 14 in terms of
the index of change (control = 100). There appears to be a close ralationship
between increase in pulse rate and height attained. A well controlled rise in
pulse rate is apparently a favorable response to lowered oxygen pressure in the
average person in good health. Many of the subJects 1n poor physical condition
responded with extreme variations in pulse rate, i.e., either an mnsuélly large
-Increase in rate, a sudden decrease in rata or no change at all, Tﬁere ig =
general tendency. for the pulse rate to return to more normal 1evéla at the lower
altitudes (10-12,000 feet) provided the subject écc_limtizee‘ falrly well and re-
mains at rest. At the higher altitudes, however, this does not oceur (cf. Figure
14). ”

In comparing the alterations in pulse rate during ;ap)id and slow ascents,

ie. attalning the simulated altitudes within 15 to 30 minutes as contrasted with



Table 8

STAMMARY TABLE
PUISE
I I 1 1I I1 1x
Control{ 1-20 21-40 41-50 1-20 21-40 41-60
10,000 Mean 74,33 [ 77.00)] ¥5,06 | %3.86 | 76,00 | 74.80| 74.71
Repid 5.D. 10.03 | 11.23| 12,11 | 11.79¢ | 13.05 | 10.0% 7.58
Significance* -— 5-10 | &0-70 | 30-80 100 60-70 | 70-80
Index of change | 100.0 ]103.8 |101.0 99.4 |102.,2 [100.8 | 100.5
10,000 Meen BO,33 | 77.83 | 74.00 ] 74.67
Slow 3.D. 8.17 6.22 5.68 5.69
Significenocs — 20=-30 1-2 5-10
Index of change 100.0 06,9 92.1 82,9
12,000  Mean 78,36 | B3,.,69 | B8l.62 | 79.46 ) 70,65 | 77.38} 78.0%
Rapid s.D. .42 2.90 | 10.80 §.67 | 14.87 | 12.81 ] 15.%3
Signifioance- -— 0=1 30-40 | S50-60 | 90-10Q0( 70-80| B0-20
Index of chenge 100.0 [106.,8 | 104.2 [1l02.0 |100.,2 8.7 99.6
12,000 Mean 76.38 | 77.88| B1.57 | 76.1%7
Slow 5.D. 8.60 G.99 | 10.58 7.18
Significance - 50-60 | 10-20 | 70-80
Index of chenge 100.0 1102.0 | 105.5 99.7
14|000 Mean 77.87 84.21 83.96 B3.38 83.49 B2.,34 83.091
Rapid 3.D. 9.50 8.85 9,38 | 10.40 9.29 9.70 9,82
_ Significancs — 0=-1 0=1 0=1 Q=1 1-2 0-1
V-Ryre Index of change 100.,0 {111.6 | 108,7 |lov.9 ]10B.0 |10&.8 | 108.8
14,000 Mean 74.17 | 75.67] 74.50 | 75.00
Slow S.D. -14,11 1 11.47 | 12.54 -
) Significance -— 70-80 | 90-100] 70-80
. Index of cheange 100,0 |102,0 | 100.4 [1Cl1l.]
16,000 Masn 75.5 88.0 84,9 83.8 83.3 8l.8 82,9
REapid s8.D. 2.22 { 13.23| 12.9a8 ) 12,807 1l1.83 | 1l1,13] 12.41
Signifticance -— 0-1 0-1 0=-1 0-1 0-1 1-2
Index of chengs 100.¢ }113.9 | 112.5 |1li1.0 | 110.3 |108.4 | 109.8
16,000 Mean 78,60 | 85.05| B83.17 { B3.67 | B4,.8k | B4,87 84.40
Slow 5.0, 10.78 | 10.77| 14.29t 10.88| 12,47 | 12,92( 12.10
Signifisance : -—— 1-2 10-20 2= 2=5 5~10 10-20
Indsx of change 100.0 }108.4 | 105.¢ jlo06.6 |107.8 |1l07.9 | 107.5
18,000 Mean 70,30 | 84.80 — 8l.20 -—— 79.88 -—=
ﬁigid 3.D. 8,62 9.685 B B8.48 -— 8,92 —_—
Signiflieance - 0-1 - 0-1 -—— 0-1 ———
Index of cohengs 100.0 | 120.8 -— }115.8 -—-- 1113.8 ——
81,000 Mean ) 87.80 —— 94,30 —_— -— 96,50 -——
BRapid 3.D. - -— —~—— —— -— —— -—
Bignificeance ——— —— 0=-1 -—— —_— 0=1 —
Index of changs 100.0 -—= ] 139.) ——— -—- | 142.3 —
14,000 Meen 81,50 | 85,00 | B84.00 | 79.80| 78.00 | 79.00| 860.00
Rapid B.0. 8. 081 13.00| 10.52 9.7 -— - —
30_‘awr5_31gnif1cnnoc - 80-70| ©20-100{ 4030 - —— -
——e=-==" " Index of chenge 100.0 | 104,3 | 103.1 98.0 - | 95,7 96.9 8,2
14,000  Maean 74,33 ] 7e.58| 74,73 ) 72.27| 72.32 | V.83 73.80
Raptd 5.0, 13.68 | 14.906]| 14.07 | 12.98| 10,25 | 11.98] 10.04
43 and  Significence —— 70-80 | 80-90 | 80-00) 80-90 | ©0-1 90-100
arer Index of change 100.0 1103.0 | 100.8 97.2 97.3 99.30T 99.3

*Chancea in 100 that the difference from the control gould have erisen by chanca. Five
chances in 100 or less ere necessary before the significance of the difference is
Tessonably oertain, or befors chance cen he reasonably ruled out.
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end and
1 hour/ 15 minutes to 1 hour/ 30 minutes, the variations appear to be less ex-

treme if the organism has a longer time to become acelimatized. This tendency
is shown graphically in Figure 16 for 16,000 feet altitude. In fact a number

of the subjects who wera able to become secclimatized to 16,000 feelt following

s slow ascent collrpsed upon reaching simllsr altitudes after & rapid ascent.

On the average the group differences in pulse rate were not significant; however, -
at 12,000, 12,000 and 14,000 feet, when the rapld and slow zscenis were contrasted
‘as shown in Figure 15. .

Ihe aystolic snd diastolic blood pressure. The meen variations in sys-
tolic and dlestolic blood pressurs under the different conditions of redﬁced
o¥ygen pressure are shown 1ﬁ Tables 9 and 10. These results are partially shown
in graphic form in Figures 17 and iB in terms of the per cent change from the
control.

On the average, the blood pressure records do not show very definite
trends. This is primardlly dus to the fact that the lnecresses and decreases tend
to cancel out, thersby indicatlng only small changes in the group means. During
the rapid sscents the veristions both in systolic and dlastolic pressure were
less extreme than during the slow ascents. (Gf. Figures 17 and 18.) Most subjects
react with an Initisl increase in both systolic and diastollic blood pressurs,
followed by s well controlled fall to neormal values.

In contresting the rapld snd slow ascents to 16,000 feat, both the
initial incresse and prolonged effects in the systolic and diastolic pressyres
were higher durlng and fellowing the rapld ascents.

r The glveolar oxygen and cerbon dioxide. The average partial pressure
of oxygen and'carbqn dioxide in the alveolar air_in relation to the percentags

of oxygen and cerbon dioxide in the chamber is shown in Table 11 and Figure 19



Table 9

STAMSARY TABLE
SYSTOLIC BLOOD PRESSURE
T - Terat | Firat | Firat | Second | Sescnd | Second
Hour Eour Houx Hour Hour |  Hour
Control| 1-Z20 2140 41-60 1-20 £1-40 41-80
10,000  Wsen 113.17 1109.873 | 199,82 | 112.6% | 108,60 | 109,20 | 1.1.00
Rapid 5.0, 8,20 | 10,10 g.77 2.80 g.02 8.02 7.13
Significesnce™ -— 2-5 10-20 | 30-40 5-10 | 20-30] 30-40
Index of ohange | 100.9 86,9 96.8 | 09.4 95,8 7.0 97.9
10,000 Mesn 114.83 {109,467 | 109.83 | 111.00
Slow 5.D. 7.72 9.18 9.03 8,08
Significence - 20-30] 10-20| 10-20
Index of changa 100,0 95,5 5.8 98.8
12,000 Mean 110.29 | 111.68 | 110.69 | 111.92 | 110,64 | 106.58 | 107.30
Rapid 8.0, 6.63 .49 9.80 .97 7.23 | 12.63| b5.80
Significance -— 5080 | 80-80| 60-70| 40-350 70-80| 60-70
Index of chenge | 100.0 {101.2 |100.3 |2101.5 | 100.3 99.3 97.3
12,000 Meean 107.13 |107.86 | 102,71 | 103.86
Slow 38.D. 4.43 4,28 7.88 8.89
Significance —— 70-80 | 40-50| 40-50
Index of change | 100,00 [100.7 95.9 97.0
14,000 1faan 112,77 | 112,13 | 109.05 | 109.74 109.51 { 111.41 { 109,606
Repid 8.D. 12.73 | 14.01| 11.23| 14.88| 14,84} 14.09| 15,606
15-30 S8ignificance — &0-70 1-& 5=10 25 2-5 6-10
Index of change | 100.0 98.4 96.7 97.3 97.1 98.4 7.2
14,000 Mesn 120,00 1123,.38 | 112,71 | 115.87 | 115.67 | 117.687 | 119,00
Rapid 3.D. 13.17 | 18.B4 1 11.55| 12.40 -— - ——
Bo-dB Signlticance — B0-70 1020 10-20 - Eld -
Index of chenge | 100.0 [102.8 93.9 | 96.4 96.4 98.1 98.2
14,000 Mean 130.08 | 126.27 | 127.58 [126.00 | 1268.67 | 132.33 | 134.67
Repid 3.0, 22,80 | 24.22 | 27.15] 25.69 ] 23.47| 20.08| 28,37
45 and Significancs — 8070 40-50 20=-30 20-30 70-80 90=-100
over Index of change | 100.0 97.1 98.1 98.4 ©8.9° { 101.7 | 103.8
14,000 Mean 113.83 [111.33 §114.33{ 111.00
Slow 3.D, 3.63 7.14 1 7.60 ~——
Bignificance — 30-40 | 80-100 40-50
Index of change | 100.0 g9.5 | 100.4 $7.5
16,000 Meen 110.4 |[109.4 [109.4 | 110.8 | 109.4 | 109.8 | 108.6
Rapid 8.0, 10,19 7.74 ] 11.40| 11.75] 12.41 [ 12.04] 18.36
Significanase -— 40-50 ] 50-60| 80-90| 50-60| €0-10Q 70~80
o Index of change | 100.0 9.1 99.1 | 100,3 98,1 9.5 §8.4
16,000 Mean 115,17 | 109.33 | 108,12 | 108.06 | 113,28 | 108.72 | 109.31
Slow 5 n., 12,61 | 11.808 | 10.25 8.41| 11.25| 13.52] 12.46
Significance - 0-1 1-2° 0-1 5-10| 1-B 6-10
Index of chenge 100,0 04,9 93.8 $8.1 28.5 92,8 4.8
18,000 Meen 108,900 | 108.12 -== | 108.78 - | 109.40 -——
Repid 3.D. 5.83 | 11.37 -— 10,50 — 11,98 ——
Signifieance ——— 90-100 --- 80~-90 —_— $0-100 _—
Index of chenge | 100.0 | 100,82 -w= 1'100,1 -— 100.5 =
21,000 Mean 109.85 -== }125.,5 ——— -—= ] 1R7.3 ——
Rapid S5.D. —— —— ——— _— — — ——
Significance —— — —- - —— —— -—
Index of chenge | 100.0 -—- | 114.7 -— -== 1 116.3 ——

*Chencee in 100 that the differsnce from the control could have arissn by ohence,
Five chances in 100 or less are necessary before the significance of the _difference
1s reasonably certein, or before chance can bs reascnably ruled out,



Table 10

SUMMARY TABLE
DIASTOLIC BLOOD PRESSUIRE
Firat | First | First | Second | Secand | Second
Hour Hour Hour Hour Hour | Hour
Contreol] 1-20 21-40 41-80 1-20 21-40 | 41-80
10,000 Mean 66,72 86,17 868,44 69,50 66,30 66,50 67.57
Rapid 8.D. 7.68 4.72 8.90 ¢.14 6.83 7.88 6.28
Signifricanoe® -— 80-90 | 70-B0 | 30-40| B80-80| 80-00| 60-70
Index of change 00,0 |100.7 |10l.1 Jlos.7 | 100.9 |10l.2 | 1lp2,.8
10,000 Mean 6l,.687 | 63,67 | 68,17 | &3.00
SBlow 8.D. 5.20 B.l6 5.03 3,05
‘ Significance - 30=40 | 20-30 | 50-80
Index of chenge 106.0 |103.2 }J107.3 |10B.2
12,000 Mean 668,71 66,69 68,18 68.356 67.27 66.91 87.40
Repld 8.D. 6.97 6.94 85.19 8.73 5.67 7.64 3.67
Signifisance _—— ?70-B0 100 60-70 70-80 90-100 90=-100
Index of ohaigc 100.0 100.0 99.3 99.5 100.8 100.3 101.0
12,000 Mean ‘ 64,001 82,00 | 64,00} 62.71
Blow S5.D. 6.47 4.58 5.10 5.04
Signifizence —— 40-50 | BO-90.| 30-40
Index of chamge | 100.0 | 96.8 |100.0 | 98.0
14,000 Meen 63,68 86.62 65.84 65.70 66,35 87.45 a7.3%
Rﬂnid 8.D. 7.89 8.78 8.48 .06 2.59 10,30 29.73
15-30 Sigaificance - 2-5 2-6 | 10-20| 8-10| 1-2 0-1
Index of change 100.0 |104.8 [103.4 |103.2 | 104.2 | 105.% | 105.8
14,000 Mean 73.80 71.50 89.45 73.60 75.33 71.00 73.67
Repid 5.0, 10.40 | 1ll.88 B.87 10,83 —-— - -
3045 Signifiocance R 20-30 | 20~30| BO-80 -— -— -
Index of chengs 100.0 6.4 o4.1 99.7 10B.1 96.2 99.8
14,000 Mean 80,00 77.83 78,67 83.00 B4.33 87.20 97.20
Repid 8.D. 17.84 i7.80 18.50 23.19 26.88 34 .4% 31.01
45 and Bignificance ——— 50-80 60-70 80«70 8070 80-60 3040
over Index of chan 100.,0 7.3 98.3 | 103.7 | 105.4 | 109.0 } 121.5
14,000 Mean 83.a7 86,687 68,00 66.00
Slow 8.D.  5.04 7.80 6.68 -——
Bigniticance — 20-30 { 10-20 5-10
Indax of ahﬂq 100.0 104.7 106,8 1:03.8
18,000 Moan 84.5 4.8 86.6 63.2 65,2 63.9 65.9
Rapid 8.D. 7.28 9.48 8,28 7.41 9.59 7.93 10.77
Significance - 80-90 10-20 70-80 80-70 80-90 b0-80
Index of change 100.0 100.3 103.1 100,8 100.9 98,3 102.0
16,000 Mean 87.06 4d.82 67.20 656.71 87.17 66,88 89.21
Blow 8.0, 2.59 9.00 7.82 10.10 8,45 10.36 12.09
Signifleence —— 50-80 40-50 60-70 80-90 é0-70 80-20
Indax of ohnl_:go 100.0 99.8 100.2 98,0 100.2 9.7 105,8
18,000 uean 70,30 63.12 ——— 67,12 —— 67.40 —_—
Rapid 8.0, g.70| 11.65} --- { 10,01 --- 92,00 ---
Significance -— 0-1 -—— 5-10 ——- 5-10 -—
: Index of chengs | 100.0 | 89.8 - | 98,5 -~ | 95,9 -
31,000 Mean 70.0 —— 48.50 -_— — 47 .50 —
Repid 8.D. 1 -—— -—— ~— ~—— —-_— -— -—
Significance — —-— -— - - - —
Index of change 100,0 | -— 69.3 -— —_— a7.9 —

*Chences in 100 thaet the difference from the control could
Five chances in 100 or lees ere necsasary before the signiflcance of the difference

is reascnably certeln, or befors chance can bs reasonably ruled out.

have erisen by chence.




Table 11

MEARS OF ALVECLAR pClg AND pOp AND CHAMBER CONCENTRATIONS
FOR ALTITULES INDICATED

_ II
Control Chamb er hamb er
pCO2 | pO2 |, pGOs | pOs 0o [ %0, | pcOz [p0p [£C02] #0o
10,000 Repid | 40.4 99.0 | 38.1 {54.3 | .38 {13.95 | 44.2 |54.8 [.65 | 14.16
10,000 Slow 9.2 | 103.0 | 27.6 {59.3 [ .43 | 14.06 - - - -
12,000 Rapid | 38.2 | 105.5 | 36,1 }56.8 | .3 | 12.13 | 34.5 |56.5 |.51 | 12.94
12,000 Slow 40.5 | 100.1 ] 37.7 |s3.7 | .49 |13.25 | 40.3 {50.5 |.72 | 13.36
14,000 Rapid | 39.9 98.5 | 39.4 {43.58| .38 [12.06 | 37.0 [44.4}.69 | 12.201{-
15-30
14,000 Repid | 37.5 | 101.8| 35.5 |43.2 | .39 ['12.04| 34.3 |45.0 {.90 |12.14
30-45 -
14,000 Repid { 38.03( 100.3 | 35.2 (47.6 | .45 |12.42 { 36.5 |54.6 | .83 | 12.19
45 and over )
14,000 Slow 8.8 {100.9| 38.8 {42.9 | .46 |12.16 | 38.5%|38.5% .55* ] 12.024
16,000 Rapid | 38.5 | 101.1} 35.3 }38.6 ] .37 [11,16 | 34.9 |38.4 |.63 |1l.18
18,000 Slow 38.5 | 101.3| 34.6 {43.2 | .47 |11.20 | 4.3 |29.4].86 {11.30

*One subject.
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for the vaurious groups under the conditicons of diminished oxygen tension us
indicuteaq.

The results indicate thut, on the average, the partiazl oressure
of oxygen is significantly higher znd the carbon dioxide lower in acclimatized
subjects compured to unacclimatized ones. (Cf. Figure 19 for results from
the Chilean Fxpedition (10 men) after severzl months at the vurious stations
as indicuted.} In contrasting the two retes of ascents in this experiment
the pertiel pressure of oxygen was significantly higher following the slow
ascents comparec %o the rupid ones.

Results of the Psycholopicsel Tests.

Handwriting test. In an attew t to observe the effects of diminished
oxygen pressure on motor control in a Highly pructiced reection like handwrit-
ing, two different tests were used, the first involving the.copying of a
parapgraph of eight lines of Swedish language, and the second a handwritten
commentary on the physioclogical and psychclogical chunges observed during
each experiment. The samples of handwriting were scored on the basis of
chunges from the normal handwriting, using the following criteria: (1}
irregularities in distence and height, i.e., size; (2) slant of the letters;
{3) chunges in the slopes of tﬁe lines; (4) tremors; (5) omissions of letters
and punctuetion. The scoreson these various items were then added into a
total score and calculuted in terms of the per cent change from the control.

The results are shown in Teble 12 and Figure £20. On the average,
there was & significent impairwent in this test &t 14,000 feet and above,
the deterioration in motor control being fairly great ut 16,000 and 18,000
feet following e rapid ascert.,

4 number of typical specimens of hundwriting under contrel (eir)



Table 12

PER CENT DEVIATION IN PANDYRITIMNG FROM THE CONTROL (100)

FOR THE ALTITULTS AND RATES OF ASCENT INDICATED

Second Hour

Control | First Hour

10,000 feet

Rapild 100 28.0 28.3

Slow 100 99.2 -
12,000 feet

Rapid 100 6.7 93.8

Slow 100 93.4 -
14,000 feet

Rapid 100 93.8 82.8

Slow 100 95.0 -
16,000 feet

Repid 100 92.0 88.2

Slow 100 92.8 21,0
18,000 feet

Rapid 100 76.2 -
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conditions and reduced oxygen tension are shown in Figures 22 to 26. Figures
22 and 23 show reproductions of the Swedish passeges whioh were to be copied,
and Figures 24 and 26 the voluntery commanta of two of the subjects as to
thelr general acclimatizetion to the lowered oxygen preasurs.

Heterophoria test. In this teat the smount of coular muecle un-~

balance was meesured under constant lighting conditione with a pair of S5-diopter
prisms at 40 cms. distance. The results, as shown in Table 15 and Figure 21,
indicate the mean de'riatic;n in pr;m diopters from the gontrol value (not
orthophoria) under the various conditions of diminished oxygen pressurs. Ths
signiticance of the observed differences was not reliable stetistically until
the oxygen partial preasurd was reduced corresponding to altitudes of 14,000
feet and above.

Choice repction times. The results of this temt under the varicus
" oonditions of oxygen deprivetion are shown grephically in Figure 26 in terms
of per cent chenge from normal -- 100. The reaction times, as measured in
_hundredths of a second with the portable clhoice reaction time bc;x (61) were not
signiriroantly lowered until the pertial pressure of oxygen wes reﬁuoed 80 as
to similete an eltitude of 14,000 feet end above. This particular test was not
oomplex enough to bring out the mere subtle mental changes mesocisted Ivrith
oxygen doprj;vation, and hence 1t was not ungd throughout tho‘ antire series of
| experiments, -

Color naming test. In this test the subjects were required to neme aa

rapidly as possible 100 colored squeres (1/2 inch squares, red, blue, green, black,
and yellow} arranged in random order. The score is given in meconda esnd errora.
Individuals vary greatly’'in the rapidity and the number of errors with which this
test can be taken, but few cen escape ths tendency toward "blocking" or neming the
wrong color, especially those subjects who are emotionally unsteble, FPrevious

experiments have shown that follewing the ingestion of aleohol or acute
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Table 13

SUMMARY TABLE
COLOR NAMING
Time in Seconds Errors™* ]
Control [First Hour}Second Hour|Control]First Hour |Second Hour
10,000 Mean 54.44 55.28 54.81 1.28 2.28 2.31
Repid 38.D. B.83 8.89 B.95 .97 2,09 2,07
Signiticance* - 40-50 70-80 - 2=5 5-10
Index of change | 100.0 101.5 100.% 100.0 102,.1 102,.2
10,000 Mean 49,18 49,25 - 50 87 —
81 35.D. 3.43 B8.11 -— .50 .79 -—
Significence —-— 20-100 — -— 70-80 ——
Index of chenge | 100.0 100.2 - 100.0 100.4 -—
12,000 Mean 51.50 53.31 53.59 43 .77 7%
Rapid 8.D. 6.94 8.82 B.3E .82 1,56 1.04
Significance - 0-1 2«5 —— 40=50 1C-20
Index of ehange | 100.0 103.5 104.0 100.0 100.7 100.7
12,000 Mean 50.25 51.37 - 1,08 2.50 —_—
Slow 3.D. 6.14 8.28 ——- .73 1.46 —
Significance —_— 50=60 —— ——— 5-10 ——
Index of change | 100.0 102.2 ——— 100.0 102.1 ——
14,000 Meen 55.19 bg.81 60,04 1.65 3.90 3.76
Rapid 5.L. .72 14.41 14.43 1.40 2.47 2.7¢
15-30 Slegnificance —-— 0-1 0-1 — 0-1 0-1
Index of change} 100.0 108.4 108.8 100.0 104.9 104.5
14,000 Mean 62,8 69.22 73.67 1.60 2.88 3.33
Bepid S8.D, 18,30 16,97 —_— .80 2.1%7 ——
30-45 Sigmificence - 10=-20 — ——— 10-E0 —
Index of echange| 100.0 110.8 117.7 100.0 102.8 103.7
14,000 Mean 87.00 68.20 71.50 1.27 2.45 2.00
Repid 2.D. 9.71 10.80 14.96 .87 1,51 96
45 or 3ignificance -— 30-40 30-40 ——- 2=5 3040
over Index of chenge | 100.0 101.8 106,7 100.0 102,55 101.7
14,000 Mean 51.83 53.92 -— .88 1.2% m—
Slow 3.D. 4.30 5.83 -— 47 1.11 ——
Significance —— 10-20 —_— _— 20-30 —-—
Injax of change | 100.0 104.0 - 100.0 101.2 —
18,000 Mean 54.00 60.01 62.07 1.48 2.89 2.52
Rapid 8.0. 9.15 12,44 15.43 1.8 3.25 2,81
Signifigance - -1 0-1 -—- 1-2 2-5
Index of chenge | 100.0 111.1 116.1 100.0 103.0 102,1
18,000 Mean 50.22 58.00 658.58 1.22 Z.22 2.17
Slow s.D. 9.21 15.87 13.26 1.75 2.569 2,71
Significance -—— 0-1 0-1 —— 10-20 10-20
Index of ohange | 100.0 111.5 116.8 100.0 102.1 102.0
18,000 Mean 59.24 70.08 - -— -— -~
Rapid  S.D, 8.94 12.29 _— —_— —— ——
Signifiocance -— a-1 -_— — - -
Iiidex of chenge | 100.0 118.3% - e —— —
*Chances in 100 that the difference from the sontrcl could heve arisen by chance. Five
cheances in 100 or less are necessary bsfore the signifioance of the difference is resson-

ably ocertain, or befors chanes can bs resesonably ruled ocut.

*¥Potal possible number of errors ia 100,
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"futigue" this tendency toward "mentul lag" or tlocklng is greatly accen-
tustec. & careful record wes kept by the experimenter of the number of
errors, i.e., the number of times the subject called the color by the wrong
nace or was blocked in saying the words, Both the time score and the error
score should be considered in interpreting these date. Theresdts are shown
in Table 13 and alsc in Figure 27 in terms of the per cent chenge from the
control data.

The results show that, on the average, the mean impairsent in.
time due to the oxjgen deprivation was stetlsticelly slgnificent following
the rapid ascents to 12,000 feet and above and at 14,000 feet following the
slow ascents. The varlebility of rezponse alse increased with increasing
altitude as indlcated in the larger standard deviaticng. The increase in
errors in this test was stetisticslly significent at 10,000 feet following
the rapid ascent. This was not true following the slow ascents unti}/iinm—
lated altitude of 14,000 feet wuas atiained.

In order to show the mean variebility of response at the various
simulated sltitudes in the color naming test, the individual responses (in
terms of per cent change from the control) for the score (time) and average
inereuse in number of errors have been tabulsted on scatter diagrams in
Figure 28. These scatter diagrams indicate that there 1s a fairly wide
range in individual differences, but that on the average there is a con-
slderable degree of impairment with Increszsing depletion of
the oxygen in the inspired air.

The code test. This test measures the speed and accufucy of trans-
literating 50 letters of a code. There are 40 forms and since each one is

different the increzsed performence due to practice is not slgnificant. The

test measures a fairly wlde range of psychological functions, ineluding close
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Table 14
SUMMARY TABLE

JOHNSON CODE TEST

Tima in Seconds ErTora*¥
Control| Mirast Hour{Second Hour | Control|First Hour|Second Hour
10,000 Mean 127.16 132.82 . 130,22 .28 .69 58
Rapid 8.0, 26,85 31.17 29.73 .56 .23 .79
Significance* - 5-10 30-40 —— 5-10 20-30
Indax of chenge| 100.0 104.0 102.4 100.0 100.8 100.8
10,000 Mean 133.00 129.91 - .67 1.33 -—
Slow s.D. 35.54 31.42 —— .74 1.14 -
Bignificance — 40-50 -— -— S0-40 -
Index of oheange| 100.0 97.7 — 100.0 101.3 ——
15,000 Mean 123.14 131.14 135.14 W71 .75 1.00
Rapid a.b. 28,38 29.83 31.61 .80 .80 1.37
Signifioance -——— 1-2 0= — 20-100 40-50
Index of change] 100,0 106.5 109.7 100.0 100.1 100.6
12,000 Mean 122.2% 128,31 —— 213 1,06 —
Slow 3.D. 33.E3 33.91 - .33 .59 B
Significance — 2-5 -— - 0-1 -
Index of change| 100.0 104.7 — 100.0 101.8 —
14,000 Mesn 122,04 131.7E 130.31 .27 .B6 .96
Rapid 5.D. 21.24 25.80 25.06 .03 B84 1.06
15-30 8ignificance —— 0-1 0-1 - 0-1 C-1
- Index of change| 100.0 10%.9 lo8.8 100.0 101.2 101,.4
14,000 Meen 159,70 170,08 187.80 .70 1.50 1,67
Rapid 3.0, 37 .40 44,55 - .78 1.05 -—
BO-45 Signifisance -— 70-80 - -— 10-~-20 -_—
Index of ehange] 100.0 106.8 104.85 100.0 101.8 101.%
7] 14,000 Mean 176,92 188,75 162,42 4B .75 .83
Fapid 8.D. 45,98 52.37 27.31 .86 78 .63
and Signifiecsnce - 10=80 i-2 -— 50-80 10-20
over Index of ahangej 100.0 108.8 91.8 100.0 100.7 100.8
14,000 Meen 119,50 130.42 — .17 1.00 —
Slow S8.D. 39.18 58,78 -— 1.1 .65 -—
Significance —— 20-30 — —— 0-1 ——
Index of chenge| 100.0 109.1 -— 100.0 101.7% -—
16,000 Mean 121.26 135,14 133.55 .37 1.20 1.21
Rapid 8.D. 16.85 18.38 21.8e7 « 61 l.02 1.50
Signirieance — 0-1 -1 ——- 0-1 0-1
Index of change| 100,0 111.6 110.2 100.0 101.7 101.7
16,000 Mean 111,72 1E4.78 127,36 20 1.37 1l.61
Slow 38.D. 13,31 20.80 25.80 A2 1.7 1.40
Signitiocance - 0-1 Q=1 -—— 2+5 0=-1
Index of ohange| 100,0 111.7 114.0 100.0 102.3 1loz.8
.| 18,000 Mean 126.03 147.83 168,688 2,61 3.84 2.45
Bﬂpid 8.D, 24.33 36,87 53,76 3.11 3.34 2.49
8ignifiocance —— 0=1 0=1 - 0-1 %-2
Index of change| 100,0 117.3 124.3 100,0 102.2 807
21,000 Mean 128.79 218,38 -— 1.0 21.87 -
‘| Bapid 8.D. -— —— - —— -— w——
Signifioance — 0-1 —— - 0-1 -
Indax of change| 10C.0 166,8 —— 100.0 173.0 -—
) *Changes in 100 thet the difference from the sontrol could have arisen by ‘chencs, Five

chances in 100 or less are neoss=ary before the significance of the difference ls reason-

ably sertain, or before chance ¢an bs reascpnably ruled out,

** Totel posaible number of errors is 50.
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attention, sccuracy, adjustments of accommedstion and convergence and hand-
¥vriting.

The resulis of this test, both the mean scores for time and errors,
under the vurious degrees of oxygen deprivetion are shovmn in Table 14 and
gruphically in Figurg 29. Following the rapid ascent to 10,000 feet, there
wa3d a significant impsiruwent during the first hour but not during the second
hour. These mean decreuses in time and errors became statistically rellable
at simnliated eltitudes of 12,000 feet and above. 7;mahighest altitudes the
decrease in efficiency in ths tect becEme very'marked,not only os manifested
in the mean vuariebility of the group but alsg/iﬁe per cent decrease in time
and increase in errors. The scatter disgram in Figure 31, showing the indi-
vidual scores in the code test, illustrates quite clearly the wide runge of
indivicdual differences, as well as the decrease in scores with an increase in
oxygen cdeprivation.

The memory test. This test (memory for paired associates) measures
the capacity for close concentrution and immediate memor;. Ten
peirs of four-letter words (with no obvicus assoclations in 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 to
remember the second or associated word within 5 to 10 szeconds.

The results of this test are shown in Table 15 and Figure 30.

There wes e sipgnificunt decrease in the averape number of words recslled at
10,000 feet following the rapid ascent. The mean decrease was not statisti-
cally reliable, however, at 12,000 feet following both the rapid and slow

ascents. At 14,000 feet and above the impairment in immediate memory was,

on the average, significunt statistically. At the higher altitudes (18,000



Table 15

SUMMARY TABLE
MEMORY AND HETERCPHORIA TEST )
FPAIRED ASSOCIATES HETEROPHORI A
Control[First Hour|3econd Hour | Contrel| First Hour|[Second Hour
10,000 Mean 8.94 7.88 7.4l 1.90 1.80 1.80
Bepia  8,D. 1.12 1.48 1,83 3.29 2.99 2.99
Significance™* -— 0-1 0-1 — 100 {100
Index of ohenge1*100.0 88.2 82,9 -— ~.10 -.10
10,000  Mean 8,50 8.41 ———— .60 .80 -—
slﬂ' SCD. .96 1063 - -‘9 .60 -
Significance - 10-20 -— —— 60-70 ——
Index of change | 100.0 98.9 — --- .20 -
12,000 Mean 9.53 7.92 9.08 l,b& 1.83 2,88
Rapid s.D. 53 2,38 1.04 2.50 2.49 2,74
Significence — 20=30 50-60 -— 40-50 10-20
Index of change | 100.0 84.9 87.3 - .25 .67
12,000 Meen 8.75 7.87 -— .87 1.12 -—
Slow 8.D. .83 1.48 —_— 1.48 1.62 _—
Significence —— 20-30 —— - - 80-100 ——
Index of change | 100.0 B9.9 — —-— «25 ——
14,000 Mean 8,11 5.91 6.50 2.47 2.88 2,88
Repid 3.D. 1.6%9 Z.64 3.18 4,19 4,48 3.91
15-30 Significence -— 0-1 0-1 ~— 1Q-20 2-5
Indax of chenge | 100.0 V2.9 80.8 —_— 1) 41
14,000 Mean 8.13 &.79 8.5 1.63 2.88 1.33
Rapid 3.D. 1.24 233 —_— 2.39 2,78 ——
T0=45 Significence —— 3040 - — 20-30 _——
Indez of change | 100.0 83.5 104.5 - 1.B3 =30
14,000 Mean _— -—— -—— 2.3% E£,70 3.76
Repid 3.r. -— - - 3.90 3.5% 2.05
4% and Signifiocancs — -— —-— —— 40-60 —
over Index of change ——— - -— e ~-,83 .40
- -
’ 14.@0 H.Qn 9.00 8. 63 — 0 120 ——
Slﬁ'l 3 .D - - - - = 55 . 90 -
S8ignificence — 20+30 - —_— 80-70 ——
Indax of chengs | 100.0 95.9 —— - 20 ——
16,000 Mean ) 7.75 5.91 7.08 2.38 2.89 2,77
Ragid 8.D. 1,79 2,27 2.18 4.06 3.87 4.12
Bignificence - 1-2 10-20 — 40-50 3C-40
Index of change | 100.0 76.3 91.1 ——— <31 3%
16,000 Mean -+ 6.83 7.E2 £.56 2,82 3.08
Slow 3.D. 1.71 1.67 2.40 3.59 3.21 Sodd
Signifiosnce —— 30-40 80-90 —-_— 40-50 10-20
Index of chenge| 100.0 93.2 8,5 -_— -.B8 .50

*Chencas in 100 thet tha difference fram the control could have erisen by chance. Five
chances in 100 or leas are necessary before the significance of the difference is reason-

ably certain, or before chance cin be reasonebly rulad out.

**Indexr of change for heterophoris is emount of change in prism diopters.
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and 21,000 feet; (deta not shown in Table 15--only in Figure 30) the impair-
ment wous very Lurked.

a scatler dlagram wnich indicotes the range of individual variability
ig shown in Figure 31. The scattering ir indivicual scores is greater than
in other tests because i1t is such a difficult cne. The general tendency for
the average subject to be less efficient with incressing oxygen deprivetion
is very striking.

Physiologicul and psvchological complainis. In an attempt to follow
the reletive amount of imp:irment in each subject, from the polnt of view of
generul discowfort or subjective cowmpliints, twe different tests were used.
First, each subject wus asked to write a running account of his physiologicsel
and psychological subjective feelings ¢r impairment, and second, a standard-
ized test of complaints (cf. Table 16) wus arranged on the basis of the most
frequent reactlons observed in previous experiments in reduced oxygen pressure
both in chambers at seu level und while in flight at high altitude.

The most freyuent complsints recorded voluntarily by each subject
at simulated altitudes of froa 10,000 feet to 16,000 feet (rapid ascents)
are shown in rank order as to freguency in Table 17. 4t 10,000 feet, for
example, 10.3 per cent of the subjects reported heedaches; at 12,000 feet,
3%.3 per cent;’ at 14,000 feeét, 62.4 per cent; and at 16,000 feet, GB.7 per
cent,. The results in this test are also shown graphically in Figure 32.

The curves were charted so as to show the time when the vurious compleints
were first observed (cumulative} and ulso what per cent of each group developed
the symptoms during each experimentel period. TFor example, during the rapid
ascents to 16,000 feet, 10 minutes after the altitude had been simulated,

40 per cent of the group experienced headaches. By the end of the first

hour, however, approximately 70 per cent of the subjects had a headache

which persisted, on the average, until the end of the experiment.
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Tabls 18

PEYSIOLOGICAL AND PSYCHOLOGICAL

Haadsche, Where?

Yilua} or suditory 1mplirn¢nt: .
Ringing or buzzing in ears . . .
vértigo or dizziness. . . . . .
Esaily fatigued on exertion. . .
Kaysee or indigestion. . + « .+ «
Ges on stomach or in intestines.
Cold extremities . . . . . . . »
Feeling of heat and sweating . .

Muscular stiffness and cramps. .

Tremors - fingers, hande, ate. . . .

Impaired coordinetion or clumsiness.

Shortness of breeth . . + « « &

Pericdic or irregular breathing.
91ghing or long desp bresths . .
Excessive sleepiness . . , . . .
Palpitetions or cardiac diatress
Feol talkative and excited , . .

Stuttering or blocking of apesch

Slowmees in Tessoning . « + . .

Greater effort to ecarry out tasks.

Meptally 1az¥ « « +» o ¢ s = o o

Feel depresaecd and grouchy.; . e

Yopl axhllirated and gay . . . &

'Nervoms, high strung, inward temsien

Sudden chenges Inmood . & & « & & &

Fidgety or restlass . . . « « »

Worry excesalvely about health . . .

Feal 1ndifferent and exhausted ., . .

Difficulty in concentrating (distracteble)

i EdBisddidadgadadadaddadagd

Xo

ity
NO
NO
NO
NO
NO
Ko
WO
NO
NO
RO

RO

NO .

NO
NO
NO
NO
NO
NO
¥O

NO

RO
NQ
RO
§O .
.10}

NG



Tables 17

MOST FREJJENT COMPLAINTS NOTED VOLUNTARILY EY SUBJICTS

AT THE ALTITUDES SHONN FOLLOYING RAPID ASCENTS

10,600 1.:;2"20 14,000 | 16,000

Complaints ;Ot . f;lt t;.t

Headache 10.8 3.3 62.4 68,7
Respiratory changes or difficultiea 26.3 16.7 42,5 60.0
Excessive sleepiness 21.1 50.0 37.5 30,0
Vertigo or dizzinesa 5.3 0.0 2.5 53,3
Difficulty {n concentrating 2l.1 16.7 5.0 46.7
Sensory impairment 5.3 16.7 0.0 333
Iasaituds, indifferenca 21,1 16.7 25.0 13,3
Fatigue 5.3 0.0 27.5 33.3




Table 18

FHEQURNCY, OF THE VARIOUS PHEYSTOLOGICAL AND PSYCHOLOGICAL CCRPLATIITS
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Palpitations or ocardiac distress
Neausea ar indigestion

Poriodle or irregular breathing
Sighing or long deep breathm

Stuttering or blooking of epeech
Greater affort to carry out tasks

Visual or euwditory impairment
Binging or bugzing in ears
Oold sxtremities

Trenors - fingers, hands, eto.
Exvessive sloopinasa

Inpaired soordination or elumeineas

Gas on stomach or in inteatines
Easlly ratigued on exertion

Shortnese of breath
Hisoular stiffngse and erumps
Headache

giroulnto,
Digestilon

Exertion

Re

{a1atwnotabla}

Slownsas In reasoning

Yentally lazy

ohola
Hervous, high strung, imward tensien] 5,8] 88.8| 6.6 ]16.7] BZ.3| 0

Sudden changes 1ln mocd

Fldgety or restleas
Worry exceszivaly about health

Feeling of heat end sweating
Fesl indifferent and exhausted

Yeriige or Alzzinoas
Fael depresssd and grouchy

Difficulty in ooncantrating
Feal exhilaraied and gay

aml
Feel talkniive and sxcited

Total




PER CENT OF SUBJECTS INDICATING COMPLAINTS

COMPLAINTS REPORTED VOLUNTARILY
DURING RAPID ASCENTS (CUMULATIVE)
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PER CENT OF SUBJECTS INDICATING COMPLAINTS

FREQUENCY OF THE VARIOUS PHYSIOLOGICAL
AND PSYCHOLOGICAL COMPLAINTS
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The results obtained from the questiomnaire (of. Table 16) are
shown in Table 18 and Figure 33 for the various altitudes following both
rapid and lloﬁ ascents in terme of frequenoy. The various questlons have
been olaassified inte oirsulative, reapirative, digestive, muscular (exertion],
sensory, and paychologioal ocomplaints in order to show the percentage of iths
subjeocts who experienced these different aomplainta at the various altitudea.

The results of these two testa correspond closely, which indicates
that this prooedure in recordiing the various complaints was gquite relieble.
Theae date alao show that with increassing altitude the average subject is
coneiatently impaired by the lowered partlial pressure of oxygen. Gomparing
the rapld and slow aaoonfs in Figure 33, it also appears that, on the average,
a smaller percentage of ouch‘group is affected by the oxygem deprivation

following the slow ascents in gcomparison with the rapid ones,
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V. Results of the Experiment dealing with Age in Relation to Acclimetiza-
tlon to High Altitude (Part II).

Since a large number of the passengers who fly on the commercial
air trensport planes are fairly advanced in years, an atiempt has been made
to find out whether older persons are impaired by oxygen deprivation to a
relatively greater extent than younger persons.

At the Harvard Fatlgue Laboratory during the past two years an ex-
tensive investigution has been made of the physlological responses of persons
(total number 79) varying in age from 6 to 75 years to several standard grades
of work on the treadmill. The subjects came tc the laboratory in & basal
state and were asked to respond to 3 metsbolic reates:

(1) rest; (2) welking (moderate work); and (3) running (maximal work).
On the average, the pre and post adolescents were more variable in thelir
physiological responses than the older subjects. One of the most striking re-
heert rate with inareasing age
sults of the investigatlion was the gradual decrease in maximsl/ under con-
ditions of meximsl work. Through the kindness of S. Robinson and D. B. Dill,*
the results obtained in the studies of the heart rate are shown in Figures
34 and 35 in the form of scatter diagrams. When the highest heart rate at-
tained in maximal work was plotted against age, the range was from 210 beats
per minute for the younger subjects to 155 beats per minute at the opposite
extreme, t.e., for the older subjects (cf. Figure 34). The mean pulge rates
in Figure 34 show the same general tendency. It 1s of special Interest to
observe in Figure 35 that this tendeney was manifested in the younger subjecta
even while waiting to get on the treadmill before the experiment began. On
the averuge, therefore, it appears that the younger subjects tend to manifest

more flexible or less stabilized cardiovascular systems in responding to a

#Unpublished data from the Fatigue Laboratory, Harvard University, Boston,
Massachusetts.
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fixed stress such as running on the treadmill.

It is interesting and certainly quite relevint to compare the re-
sults obtained in the above experiment with the response of older subjects to
the stress of oxyzen deprivation encountered during flights to high altitudes.
Three groups of subjects were compared during a rapid ascent to 14,000 feet,
This altitude was selected since it seemed to be high enouzh to actentuate

differences in physiological and psychological reke-up and edaptebility.
The groups varied in age as follows: {1) 50 subjects,
17 to 30 years; (%) 15 subjects, 30 to 45 years; and (3) 16 subjects, 45 to
72 years, As indicated previously, the younger men were all college students
or graduates from the University, and the others were business and professional
men from New York €ity.

The results of the tests for pulse rate, systolic and diastelice
blood pressure, and alveolar air are shown in Tables 8,9,10811, respectlvely,
The average increzse in pulse rate for each group 1s plotted in relation to
time in Figure 36. The results indicate that the older subjects show less
extreme circulatory responses to oxygen deprivation as manifested in pulse
rate per minute than the younger subjects. This observation 1s in agreement
with the findings of Robinson and Dill inregard to increases in pulse rate
under conditions of maximal work. We also observed that the younger subjecta
were more susceptible to fainting under low oxygen than the older subjects.

The group differences 1n systolic blood pressurs were not very
strlking, as shown in Figure 37. There was a general tendency, however, for
the diustolic blood pressure to increase towurd the end of each experiment
in the 45 to 72 age group. In the age group under 30 years, the diastolic

pressure showed a higher initial increase than was the case with the two
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other groups. The partial pressure of oxygen in the alveolar air was, on
the averuage, higher in the 45 to 72 age group than in the two younger groups
throughout each experimental period (ef. Table 11). The difference was 4.4
um, Hg during the second hour. OSinece the resplratory and cardiovascular res-
ponses were less extreme in the older subjects, it 1s not surprising that the
partial pressure in the alveolar air was significantly higher.

In comparing the results of the three age groups in the psychologi-
cal tests (cf. Tables 13, 14, and 15) the average lmpairment in the color
naming, code, and phoria tests was no greater for the 45 to 72 age group than
for the two younger groups. The older subjects, on the average, made poorer
control scores than the younger ones; however, if one takes the percentage
of change of the low oxygen series compared with the control index of 100,
then the impairment shown by the different age groups was of the same magni-

tude.
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VI. Results of the Experiments dealing with Physical Fitness in Relation
39 ggg, < 3

ation des (Part III),
4. Bate of ascent and altitude in relation to physical fitness. In

this part of the experiment an attempt was made to contrast the effects of
rapid and slow ascents to high altitudes in the same group of individuals. An
attempt was made to secure subjects varying in physical fitness so that the
ones in training could be contrasted with those in poor physical condition.
Such an experiment seemed relevant to some of the practical problems encoun-
tered in commerclal aviation since many passengers acclimatize fuirly easily
to high altitudes during slow ascents but are quite severely influenced by
the reduction in oxygen pressure during rapid ascents. The partial pressure
of oxygen was varied so as to simulate altitudes of 16,000 feet within 50
minutes {rapid ascent) and 1 hour and 15 minutes (slow ascent). The group
was also studlied during a rapid ascent to 12,000 feet within 15 minutes.
Previous experiments had indicated that very slow ascents to 12,000 feet
would probably cause only minor variations in the tests.

The subjects ranged in age from 19 to 25 years. They were selected
at random from a group of students in Columbia College and the College of
Physicians and Surgeons. HNone of them were suffering from any known organic
gilments. 4s far as could be Judged from the physiclogical tests of "fitness"
like the Schneider Index, basal metabollsm, and vitai cupacity, they were quite
representative of the "average run" of young college men, the group containing
several subjects in rather poor physical condition and a number in unusually
good physical condition. (For example, Houston, subject No. 10 {cf. Table 23),
an experienced mountalneer who climbed to an altitude of 25,000 feet last
summer on a Himalayan Expedition.) Each subject came to the laboratory three

times, following the initial practice sessions, at intervals of approximately



one week. The subjects were very cooperative throughout the series. They
were not informed ms to the purpose of the experiment until the end.

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

Rapid ascent, 16,000 feet. Five of the ten subjects collapsed and
one approached collapse. In three of the poorest subjects collapse occurred
at the end of the first hour and the other two toward the end of the second
hour. One subject, No. 6, developed very marked tonic-clonic cramps from his
lower extremities upward and had to be removed from the chamber. Upon being
removed to the alr and breathing a mixture of oxygen and carbon dioxide, these
reactions became markedly intensified. Collapse in the other cases was ac-
companled by sudden and extreme changes'in either pulse or blood pressure.

Slowament, 16,000 feet. This rate of ascent seemed to allow morse
time for acclimatization, and in general the responses of most of the subjects
were less severe. Only two of the subjects actually collapsed during this
seriea. Four of them, however, were impaired sufficiently to deo rather poorly
in the tests.

Bapid ascent, 15,000 feet. None of the subjects collapsed in this
series of tests. Subject No. 6, however, the one who developed the severs
cramps during the rapld ascent to 16,000 feet, had to be removed from the
chember because of a similaer kind of response. The alteratlons in pulse and
In blood pressure were only slight and usually returned to more normal values
toward the end of each experiment. There were only very slight changes in
the psychological tests in this series.

In the treatment of the data the subjects have been divided into
two groups, i.e., the "fit" subjects or those who adapted easily, and the

“unfit® group or those who reacted badly. In this way it is possible to
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contrast the extremes in physical fitness.

In Table 19 the effects of a rapid and a slow ascent to 16,000 feet
in the various physiological functions are contrasted. The average differ-
ences in pulse and blood pressure are not great largely because the extremes
tend to cancel each other and give somewhat similar means. In individual
cuses the differences were very great. During the rapid ascent all of the
éubjects were affected, the "fit" ones considerably less than the others
lérgely because they became acclimatized during the second hour of each ssssion.

The relative impalrment in the psychological tests 1n the slow and
rapid ascents 1s shomn in Table 20. The Code teat, one of the nosf reliable,
since it involves very sustained and accurate attention, showed a significant
difference as well as the Color Naming test. The differences in the Choice
Reaction and Dotting tests were only slight, since the subject could frequently
conceal the effects of the oxygen lack by exerting greater effort.

In Tables 21 and 22 the effects of the various rates of ascent on
the physiological and psychological tests for the "fit" and “unfit®™ subjects
are contrasted. The differences in the pulae and blood pressure were less
extreme in the group that adjusted most easily; the same tendency was notice-
able in the phoria test of ocular muscle balance. 7

The differences in the psychological tests between the various rates
of ascent and height attained are quite significant. In the Code test, for
example, the mean score was 128 for the "fit" group and 162 for those Ihol
adapted less easily.

At the end of each experimental session the subjects rated their
phyalological and psychological changes in accord with the questions in

Table 16. The frequency with which each subject was affected in various ways



Tebla 19

CMPARISCN QOF RELATIVE FFFECTS OF RAPTD AND SLOW ASCENTS

0N PHYSIOLCGICAL FUNCTIONS - 16,000 FEET

" Jystolic
Pulse Blood Fressure|alveclar pOs| AlveolarpCO,

{per minute) (mm. Hg) (mm, Heg) {mn. Hg) Phorie*

Repid] Slow nid | Slow | Rapld|Slow | Revid[Slow |Hapld|Slow
Control 77 80 108 113 104.5)104,5 J6.4(368.4 2.7 2.7
First hour 87 84 110 108 42 .8 47,6 33,134.1 1.6 Q.7
Second hour 84 85 113 109 39.6] 41.9 33.9 ‘33.‘? 1.9 1.5
End 78 78 107 108

*Davietion from control in

prism dlopters,

Table 20

COMPARTSCON OF RELATIVE EFFECTS OF RAPID AND SILOW ASCRVTS.

ON PSYCHOLOGICAL FUNMCTIONS - 16,000 FEET

Code Test Color Neming Test] Reaction Time ;Dotting Test

{time in seconds)] (time in meconds)}{ {1/100 seconda}{ (number hits)

Ravnid| Slow Renid | Slow Repid | Slow Rapid|{ Slow

Control 109.0{ 109.C 48.5 48.5 40,9 40.9 [287.0C 128%7.0
First hour 139.,5( 122.0 81,0 53.5 45.3 44.1 |[2851.0 (278.0
Second hour 145,0] 133.0 60.0 57.5 47.3 44.5 | 2682.0 | 264.0




Table 21

COQMPARISON OF THE DIFFERINTIAL EFFECT OF THREE RUNS CN
FHYSIQLOGICAL FUNCTIOH OF
A "FIT" GRCOUP (A) AND AN “UNFIT" GROUP (1)

‘ ~Systolic
Pulae Blood Pressure|Alveolar p02 [Alveolsr pCOp Phoria*
{per minute) (ma. Kg) {mm. Hg) {m. Hg)
A B A B A B A B A B
16,000 feet Rapid
Control m | 110 | 105 [105.7 |103.2| 36.8 |36.2
First hour B3 20 115 1058 41.3 44.2 | 33.5 33,1 l.3'12.0
Sacond hour 81 87 111 115 39.6 39.6| 33.4 |34.5 1.3 ]12.6
End 78 86 108 lov
16,000 feat Slow
Control 80 80 i1 118 105.7 |103.2] 368.6 | 36,2
Firat hour 81 a7 10® 107 45.6 | 49.8] 34.2 {34.0 0.0 [1.4
Sacond hour 78 o0 110 107 43,7 40,0 33.9 |33.5 1.3 0.7
End 77 7o 109 108
12,000 Teet Repld
Controi ‘ 78 7é 115 103 105.7 [103.2] 38.8 36.2
Flret hour 81 79 114 110 55.1 57.9] 35.5 135,3 0,7 |0,7
Second hour 78 77 110 112 57.5 | 86.1] 33.4 |33.4 1.3 1.0
End 77 77 110 115

*Devietion from control in prism dicpters.




Table 22

COMPARISON OF THE DIFFERENTIAL EFFECT OF THREE RUNS ON
PSYCHOLOGICAL FUNCTIONS OF
A "FIT" GROUP (A) AND AN "UNFIT" GROUP (B)

Code Color Neming | Resctlon Time
(time in seconda)j(time in asconds) j(1/100 seconds)
A B A B A B
16,000 feet Rapid
Control 108 111 47 - 50 30.8 42.1
Firast hour 131 148 60 a2 43.8 47,0
Second hour 128 142 56 64 45.9 48.7
16,000 feet Slow
Control 108 111 47 50 39.8 42.1
Mrst hour 119 125 51 5§ 42,3 45.9
Second hour 126 140 55 &0 42.3 46.6
12,000 fest Raepid
Control 108 111 47 50 39.8 42.1
First hour 117 130 54 5% 42.5 45.1
Sacond hour 126 139 53 51 42,0 47,4




Table 23

PHYSIOLOGICAL AND PSYCHOLOGICAL COMPLAINTS

Complainis as checked by thé ten =ubjects after each of the three runs.
An x represents e complaint; ?, not sure; a blank means no complaint,

16,000 feet Rapid 16,000 feet Siov 12,000 feet Rapid
Complaint 12345789 10fotai Jl1 2345678 9 10{ffotal {1 2 3 &4 5[6 7 89 10 Fotel
1 ?XIIXEIXIXI 7 ? xTxIxX| X x 5 ?Tx 7 XX 3
2 b ol i O 4 4 ?x? 1 x 1l
3 1 o 0
4 XX XIEIX 7 X x x 3 ? v}
5 ?x xx|' ' =X 5 ? x ? 1 b 4 x ]
8 x 1l [N o) N| =2 Nj ©
7 I X x 4 xxx|0x 4 ! olx x of =2
8 ?xxxxhkxzxx 9 Tx x Txxxx & x xzxTxxx T é
? 0 0 0
10 I .1 Q 0
11 x x ?EKkxIX 7 ? x X- ? 2 x ? x 2
12 ?x XIx b § x 8 x x x 3 x 1
13 x X x 4 Rx x 2 x xR x R 3
14 X ? 1 Tx l H o x U 1
15 XX X X X 5 I X Nzx 3 x x N ? N 2
16 x XX b 4 x 5 x x x 7 4 x ? x 2
17 FI? 2 x il x 1
l8 x X x 4 x 1l ?x 1
19 77X 1 0 ? Q
20 Xx x x X 5 x X 2 = x )
21. Xz i 7T x 3 - x xx | 3 xr 7 1
22 I xxxx IIIx 2] X x X x 4 7 2 7 0
23 x ? x ?x 4 XX 2 x x x 3
24 ? x 1l X 1 x 1
&b x x 2 x X 2 x 1
26 x ? 1 0 ¢
27 x p 4 x 3 x x 2 b 4 1
28 XX ? 2 ?7TX X ¥ z 4 T ? 1
29 0 x 1 lu Q
20 x 7 x -] x 1 ? x 1
Total h113121091'51571510 105 02565 B5DS5 58 ﬂ1635 413 1 5 8
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by the oxyzen deprivation.is indicated in Table 23. It is obvious that the
rapld ascent to 16,000 feet caused a greater amount of discomfort than the
slow ascent. The total number of complaints in the rapld ascent to 16,000
feet was 105; ig/:;zw ascent to 16,000 feet, 52, and igj::gid ascent to
12,000 feet, 38. Figure 38 shows the handwriting of subject J at the time
he collapsed following the rapid ascent to 16,000 feet. Figure 39 shows the
running account of the same subject's subjective symptoma during the experi-
ment at 12,000 feet (rapid rum).

4 cdreful record was kept by each subject of the after-effects of
the oxygen deprivation. In the subjects who collapsed, the headaches, nausea,
palpitations, pain in the chest, and muscular twitchings lasted from one to
ten hours. Even in several of the subjects who reacted easlily, some of the
af'ter-affects mentioned above were noticeable for one to two hours later.

In Figures 40 and 41 the results of experiments carried out by
McFarlend (44) on trans-indean aeroplanes and trains are contrasted relative
to rate of ascent. Fipure 40 shows that the rslative increase in pulse rate
and systollc blood pressure was greater in the plane when an altitude of
approximetely 16,000 feet was reached in 20 minutes compared with the more
gradual ascent by train to similar altitudes. The same tendency is observed
in Figure 41, where three rates of ascent to similar altitudes are contrasted,
i.e., by plene in 20 ninutéa, by train in 6 to 8 hours, and during gradusal
acclimatization over two months (cf. kicFarland (44), International High Alti-
tude Expedition, 1935), |

B.

éxparinent deals with the responses of 30 normasl subjects and 35 psychoneutrotic
patients to variations in oxygen tension in a low oxygen chamber at sea level.

Each subject was tested under control conditions or in normal air (21% 02)'



RATE PER MINUTE
PRESSURE IN MM Hg

PULSE RATE AND BLOOD PRESSURE TAKEN ON
TRAIN BETWEEN LIMA AND OROYA

140
120 o A Ty _
:-—:;-—'__‘:;':—__-‘-Li ~J
FLIGHT ===
100
“ |~
e N
80 - __N( T
’1#\“ ™ -
T -~ -
80
o «
40 % 3 —
g . o « «
< b - 4 ) 5
3 < «< Y o o
20 ] 2 v [ o o
[ 7800 10,000 13000 15800 12,200 12,200
8:00 10:00 12,000 300 NEXT 3 DATS
AN AML (1" AM LATER

FIG. 40



file:///0fiO0

RATE PER MINUTE

PER CENT LOSS

COMPARISON OF THE EFFECTS OF RAPID
AND SLOW ASCENT SUBJECT RM.

SYSTOLIC BLOOD PRESSURE

PULSE
100 i
pdE
L~ *
z
wt z
80 ‘\,\0 < - -
- <* §
}.__—-' ﬂ
80 @
) 5000 10000 (5800 4a
PERSEVERATION

40 g
&
Tans S
S "

20 et
EAPEDITION z
— [V}
3
0 [

0 ‘8000 10000 15800
ALTITUDE
IN FEET

]
n

LV

105

20

/

/4

/

rLonT

o

5000 10000

AFTER IMAGES

15800

L EXPEDITION -

1‘5‘“ ;—

FLIGHT

o

3000 10000
ALTITUDE
IN FEET

15600

FIG. 41




—53—

and in 10.3% oxygen, corresponding roughly to 18,000 feet. In addition, each
subject was given a series of physical fitness tests as a basis for classifie-
ation. The results of these tests are shown in Table 24. (47)

The suybjects. The control or normul subjects ranged in age from 19
to 30 years and the neurotics from 18 to 35 years. The controls were under-
graduate and graduste students in Columbia University or instructors and tech-
nicians. For the most part, they were in gbod or average health, with normal
habits of sleeping, eating, and exercise, and without kmown organic defects.

The patients were psychoneurotlcs selected from the Vanderbilt Clinie
on the basis of chronic "fatigue and exhaustion"; this syndrome being charac-
teristie of all of the patients. They were diagnosed (within the more general
psychoneurotic classification) for the most part as: (1) neurasthenia; (2)
anxiety state; or {3) anxiety hysteria. They were all ambulatory, cooperative,
and of a fairly high level of intelligence, most of them being students or
of the so-called "white collar" cluss. They were on the average, in poor .
physical condition, but manifested no organic ailments following repeated ex-
aminations by the c¢linicans.

‘ Ihe experimentsl procedure. The subjects came to the laboratory
under bgsal conditions. Following a half-hour rest, a sample of blood was
taken. Then the subject entered the chamber and was suddenly exposed to

the variations in the partial pressure of oxygen. The Schneider Index of
neurocirculetory fitness was given first, followed by a series of six paych-
ological testa. 4t the end of the experiment a second sample of blood was
tsken in the chamber and the subject was sent home. In case the subject's
response was severe, i.e., elther collapsing or upproaching collapse, a small
amount of oxygen was administered to facllitate the adaptation. The average

experimental run lasted two hours.



Table 24

TESTS QF PSYCHOLOGICAL AND PHYSIOLOGICAL FITNESS

Normal Subjects

” Faychoneurotic Petients
Mean S.1. Reange

Mean S.D. Range
Age 24 20 to 54 27 19 to 35
Otis Mental
Ability Test 6.2 | 117 +to 133 106 9.8 80 to 171
(1.Q.) .
- Bernreuter
Peracnality ﬂ 41 Ba*
Inventory (BI-N)
Basal detabolic -8(12)#* -1 to -19 ~12(21) -5 to -22
Rate +4(18) +2 to +14 +9(14) +1 to +21
Vital
Capacity %800 to 4100 2800 to
(ce.) 6200 4700
Holding
Breath 74 7.2 50 to 192 45 11.1 i to 102
| (in seconds)
Schneider -
Index +12.1 1.9 +9 to 417 +7.0 3.9 -3 to +13

¥High score Indicates greater degbee of emotional instability.
#**Figureg in perentheses indicate number of subjects.




None of the subjects were Informed as to the nature of the experi-~
ment. The control subjects were simply asked to volunteer for an experiment
being given 1n an ailr conditioned -rook. The patients were asked to ta%e a
series of dlagnostic treatments in attempting to determine more precisely the
nature of their 1llness.

In an attempt to judge the reaction of each Ilndividual to the dimin-
ution in the partlal pressure of oxygen,'each subject was rated a3 to the
d‘gree of impalrment based on the following criteria:

1. Adjugted eagily, a high degree of adaptation, characterized

by well controlled lncreases in pulae and blood pressure
gradually returning to fairly normal reacticns, and cuite
normel reactions in the peychologlcal tests.

2. Serlous jfgpalrment, but sble to continue the tests. Marked

variations in pulee and bleod pressure, and poor response

to psychologicel tests. Physical complaints of headeche and
dizziness, cold -extremlties, flushing of face, pupllary dlla-
tion, etec. Slight impairment in psychological tests with
increased variability.

8. Impending collapse, followed by removal or oxygen inhalation.

Extreme variations in pulse and blood pressure, vertigo,
gevere headache and drowsiness, and sensory and motor im-
palrment.

4. Collapse, necessitating oxygen inhalation or removal from

chamber. The cardiovascular reactions were characterized

by either a sudden fall in pulse or blood pressurs, the one _
usually closely accompanying the other. In theae pastlents the
failure of the resplratory center to respond to the oxygen lack

appeared to be a very important factor.



In Teble 25 the percentage of each group rescting according to

the above criteris is tabulated.

Tahle 25
DEGREE OF ADAPTATION

————————— -

Normal
Subjects Paychoneyrotics
Percentage Percentuge
Adjusted eusily 40 15
Sericus impairment 28 20
Impending collapse 18 21

Collapse 14 44

—

Table 28 shows that the psychoneurotics were more acutely impaired -
by the oxygen deprivation than the control Bubjeéta. Over 44 per cent of
the patients collapsed within the first 20 minutes and only 14 per cent of the
normal subjects. The effects were sufficiently accentucted, however, in both
groups to indicate the danger of sudden exposure to-a partiul pressure of oxy-
gen corresponding to 18,000 feet. .

The most common alterations in behavior observed or complained-of
were sleepiness, yawning, tremors of the facial muscles or fingers, vertigo,
hesdache, periods of sweating or coldness (especially in extremities), apathy
and indifference, loss of capecity for close attention, impairment of sensory
functions, unrestricted talking or laughing and loss of memory, judgwent and

self-criticlsm.

The cardlovascula paotions—pulpe angd ] The

Schnelder Index of cardlovascular fitness was glven to each subject as soon

as the partial pressure of oxygem in the chamber was udjusted (within 10 to
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15 minutes). In Tebles 26 and 27 the mean 8core on the Schneider Index and
the atenderd deviatiom for each part of the Index le summarized for the nommal
end psychoneurotic groupse respectively.

Upon exeminetion of the tebles, cne £inds that the mesn Schneider
Index for the mormel group weas 12.0 in air, and 8.7 in 10.3 per cent oxygen.
The mean Index for the psychoneurotic group was 7.0 in air; 4#4.8 for approxi-
mately 40 per cent of the subjects in 10 per cent oxygen, and -4.2 for the
other 60 per cent. Acoording to Sclmeiderts observetions on aviaters, 7.0 or
below indicated "unfitness® end the pllots were "grounded®™ or given a wvacation.
The effect of the oxygen deprivation wee more severe on the "nervous" subjects
as compared to the normsl ones. These results indicate that the psychonsurctics
manlifested a definite unflitness in thelr cerdiowesouler reactions comparsd with
unselected normal subjects.

In enelyzing the individual parts of the Indei. the resting pulse
in-the control group averaged 61 in air and 76 in 10 per cent oxygen, while
the resting pulse in the patlents was 70 in air and 82 in 10.57par cent oxXygen.
The change in the pulse on standing end after exerclse was more‘extrume in
the cése of patlents compared with the controls. We observed a considerable
number of pulse rates in the patisents which decreased on standing and after
exercise. This seems to indicate inefficiency end a definite failure of the
circulstory system to r63pbnd to the extra physical effort. This‘was especially
noticeable just previous to collapse in the 10.3 per cent oxygen series. Ex-
treme vertigo and dlzziness on stsnding or after exercise was elso scoompanied
by a sudden fall in prlse rate.

The systolic blood pressﬁre in the patientis wmas alightly higher
than in the normel subjects. The extremely high end low blood pressures in

the patienta tended to camncel out emch other and glve @ more normal mean then



IABLE—BB
CARDIO-VASCOLAR RFACTIONS OF THE PSYCHONEUROTIC GROUP

MEASURED IN TERMS OF THE SCHNEIDER INDEX

Control 18,000 feet
Mean S.D. _Mean S.D.
. 4,8 2.5
Schneider Index 8.9 - 5.8 -4.2 1.7
Pulse Reclining 69.8 11.5 81.8 17.4
Pulse Standing B7.2 11.5 93.5 16.5

Pulse Incresase on .

Standing 19.2 8.4 (92%)* 13.8 23.% (83%)+
.| Pulse Decreass on

Standing 4.4 {10%)* 2.1 14.7 (29%)*
Pulse No Change on '

Standing (8%)#
Pulse after Fxercise - |10%5.8 14.4 102.6 22.8
Pulse Increass after ]

Exerclae 17.9 9.1 {92%)* . 19.5 14.1 (11%)*
Pulse Decreass 3.8 (8%)* 18.0 12.8 (77%4)#
Pulse No Change . ‘ (2%)+
Pulse Time to Retumn

to Normal (secs.) 58.8 66.0
Systolic B.P. Heclining [113.7 12.7 107.4 14.7
Systolic B.P. Standing [110.7 14.1 98.7 14.9
B.P. Incresse 5.0 Z.6 {RB%)* 9.8 4.7 228%)*
B.P. Decresse .8.0 8.7 (e5t)* 15.5 16.7 (82%)+
Dlastolic Reclining 77.7 18.8 £4.0 15.2
Diastolic Standing 83%.7 1.2 - 70.1 14.0
Pulae Pressure Reclining| 54.4 8.9 41.8 11.3%

Pulse Pressure Standing | 26.8 8.5 8.5 8.8

Pulse Pressure Increase 6.2 2.4 (15%)* 7.7 3.9 (11%)*
Pulse Pressure Decresse | 10,0 8.4 (85%%)» 15.4 16.0 (87%)#*
Pulse Pressure No Change (4%)* {e4)*

#Per cent of the group showing an increase, decrease, or no change.




TABLE 27

CARDIO-VASCULAR REACTIONS OF THE CONTROL GROUP

MFASURED IN TFRMS OF THE SCHNEIDER INDEX

Control 18,000 feet
Mean S.D. Mezn .0,
Schneider Index 2.7 _ 1.7 B.7 2.4
Pulse Reclining 8l.9 £.9 T6.5 8.4
Pulge Standing 75.6 8.5 88.2 2.5
Pulse Incresss on
Standing 13.3 4.7 11.2 7.8
Pulse after Exercise 91,5 9.1 104.0 12.6
Pulse Increase after
Exercise -15.5% 4.7 18.3 7.9 (95%)*
Pulse Decreaae after
Exsrcise ' 12.0 (5%)*
Pulse Time to Return to
Rornal (seca.) 116.8 178.9
Systelic B.P. Reclining 110.5 9.8 113,7 10.2
Syatolic B.P. Standing 11i1.8 8.4 107.0 10.7
B.P. Increase on
- Standing 4.1 2.0 (79%)+ 3.7 2.7 (19%)#
B.P. Decrease on
Stending 3.9 2.4 (11%)* 10.1 6.1 (88%)*
"B.P. No Change on
' Standing (13F)*
Diastelic B.P. Rsclining 76.8 8.4 69.7 10.3
Diastolic B.P. Standing 8l.0 9.2 609.4 12.2
| Pulse Pressure Reclining 5%.8 7.0 43.3 15.4
Pulse Pressure Standing 3¢.9 7.4 38.5 15.1
Pulse Pressure Increass 4,2 2.5 (214)* 12.3 8.9 (21%)*
Pulee Pressure Decrease 5.2 1.9 (52%)% 10.4 8.2 (71%)%
Pulse Pressure No Change (R7%)* (8%)=

*Per cent of the group showing an increase, decrease, or no change in
bleod pressure.
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mas actually the case. This vurlability i1s reflected in the greater standard
deviations in the scores for thé'patients.

The most strlking difference between the two groups in systolie
blood pressure was the tendency om the part of so many of thg patients to
show a decrease on standing rather than an increase. This occurred in over
50 per cent of the patients in air (20 per cent of the normal sﬁbjects) and
62 per cent of the patlents in 10.3 per cent oxygen (45 per cent of the nor-
mal subjects). |

In analyzing the records of 1,050 altitude classification examina-
tions from the rebreather tests given during the World War, Schneider and
Truesdell (55) reported two kinds of subjects, the fainting and the nonfaint- -
ing types. In the fainting type (46.7 per cent falling into this classifica-
tion}, there was frequently a sudden fall in the pulse or blood pressure just
previous to collapse, while in the other group (53.3 per cent) there was a
well controlled reaction until the very end of the rebreathing test. The
eltitudes at which members of the two groups became wholly inefficient are

indicated in the following table {from Schneider and Truesdell). (&5)

Igble 28
Por Cent, of Per Cent of
Loweat Oxygen Corresponding Nonfainting Group Fainting Group
Tolerated in Altitude in Feet that Became that Becgme
Per Cent {000 omitted) Inefficient Inefficient
11-12 15 -17 0.7
10-11 17 =-19.5 0.8 0.7
10- 9 19.5-22 1.2 13.0
9- 8 e =25 13.0 30.9
! 8- 7 25 k8 40.1 41.7
Below 7 Above 28 45.2 18.0
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In the experiment reported here, many of the psychoneurqgtlic patients apparently
belong to the fainting type in that we frequently observed elther an uncon-
trolled rise or fall in pulse or blood pressure upon standing or after exer-
cise.

The Schneider Index appears to be of value in detecting unfitness,
but it should be used with additional measures with borderline subjects or
‘those who fall in the middle range of a series. The test should be revised
so that the following objections will be taken into account: (1) it gives
en undue advantage to subjects with a slow pulse rate; (2) it does not penalize
the subject who shows a significant fall in pulse rate on standing or after
exercise; and (3) still more important, it fails to take into account body
height end weight, the work involved in standing on a chair being mich more
difficult for & short person then for a tall one.

Ihe blood chemical determinations, At the beginning of esch experi-
mentsal session a sample of venous blood was teken after a half-hour rest
period (fasting state) in air and again at the end of each pericd (approxi-
mately two hours). In this way it was possible to compare not only the
varlability of each individual following -epested blood sampling, but also
the variability of the groups, as well as any changeé due to the anoxemis in
the 10 per cent oxygen series.

The results of the biochemical teats are summarized in Table 2¢.

On the whole, the differences in the means between the two groups in ailr com-
pared to 10.3 oxygen do not show striking differences. In a number of the
patients there were more extreme changes in the lactic acid in low oxygen and
wider fluctustions In sugar, possibly associated with the lmpairment of the
sympathetlc nervous system or the more extreme discharges of the sympathetic

system {adrenalin and consequent mobilization of sugar). The lactic acid



Table 29

BRIOCHRMICAL DETFRMINATICNS OF THE CONTROL AND PSYCHONEUROTIC GRCOUPS

Control 18,000 feet
BEefore End Before End
Lactic Acid in Blood
Contrel
Mean 18.32 | 18.58 ls.B4| 20,98
Stendard Deviation 2,34 2,55 2.94 4,04
Neurotics
Mean 17,20 | 17.81 18.41 24,15
Standard Deviation 2,48 2.83 2,57 4.56
Sugar in Blood
Control
Meoan 6.1 96.58 $6,3% | 100,59
Standard Deviation 5.68 8,04 5.32 6.50
Neurotics
Mean 92.49 80.95 01,50 | 95.%7
Standerd Deviation 7.24 6,60 7.23 B.72
Inorgenic Phosphorus in
Control Serum
Mean 4.28 4.38 4.18 4,12
Standerd Daviation 0.83 0.81 0.80 0.50
Neurotics
Mean 4.24 4.28 4.46 4.17
Stendard Deviation 0.74 Q.77 0.84 0.91
Crestinine in Blood
Control
Mean l1.83 1.87 l.62 1.71
Stapdard Deviation 0.20 0.21 0.20 0.24
Neurotics
Mean 1.47 1.47 1.51 1,53
Standerd Devietion 0.14 0.15 0.18 0.21
Calcium in Serum
Control
Moan 10.40 | 10,35 10.81 | 11.05
Standard Deviation 1.14 1,30 1.00 1.38
Neuroties
Mean T ¥.94 | 10.40 10.45 9.46
Standard Devistion 1.97 1.73 1.72 2,60
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determinations in the control group were, on the average, lower, dnd variability
less, than in the patients. Many of the pastients tended toward the lower range
of normalwrietion in sugar (normsl 80 to 120 mg. per cent). The relative
increase in sugur wes greater for the patients in the low oxygen series. This
wes slso notliceable in the calcium determinations, especizlly in the low oxy-
gen series, The determinetions for hemoglobin (results not shown in Table 29)
were oply made In the low oxygen 8series., There wﬁs an average incresse of
between 4 and 8 per cent in both groups, indicating that the percentage of
increase in hemoglobin is only of minor importance in facilitating adaptaticn

in flights of short duration.

The most striking difference between the two groups was in the
greater individual and group varlability éf the patients, reflecting an organic
instebility as well as greater difficulty in meeting "emergency” situations
or reactions involving stress and flexibility of adjustment. In the "nervous"
patients the rezction to high al£itude is probebly accentuated because the
s&mpathetic nervous system which is usually impaired, is the one most sctively
involved in bringing about changes in circulation and respiration to adjust te
the diminished oxygen.

Pgychological tepts. In an attempt to get a more objective record
of each subject's adjustment to the variations in oxygen tenslons, psychologi-
cal tests were given lnvolving qulckness and accuracy of motor coordination,
Jjudgment, perseveration, and attention, or capaclty to carry out standardized
mental tasks. In additlon to the objJective tests, a record was kept by the
experimenter of any obvious changes in mocd or emotlonal reactions, as well
as alterations in motor coordinstlon, tremors, lndifference or lethargy, etc,

The results of the psychological teasts are shown in Table 30. On

the average, the patients were more severely affected by the oxygen deprivation



Table 30

PSYCHCLOGICAL TTSTS

A = Normeal Subjects -- B = Peychoneurotics
Control 18,000 fest
Standard . Standard
o Mean Deviation Mean Deviation
Color neming ,
A 59.4 3.9 70.4 5.2
B 69.9 4,1 82.5 B.8
Por:a;ératicn
A First hour 71.0 84.1
Second hour 76.3 79.7
B First hour 69.1 71.8
Second hour 90.4 20,1
Cholce Remction
- A 4].22 4.17 45.59 4,67
B 55.85 8.13 65.3% 8.90
Pursuit Meter .
- A WMrst howr 58.74 8.24 8s,.18 7.95
Second hour 53.18 4,83 80,73 B.27
B ¥irst hour 78,46 8.57 90,67 14.89
Second hour 68,68 5,40 | 74,07 6.38
Dotting Test
A- 12.87 £.61 12,62 J.11
B 11.44 3.43 9.77 3.39
Code Test
i 128,68 6.84 143.38 B.45
B 176.96 9.45 203.98 9.84
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than the normel subjects. The meen scores are not only lower, but there 1s
also n conslderable inereass in the variability (stenderd deviationse) and

the errors. Both groups, however, were severely impaired in the psychological
tests by the anoxzemia, indicating e genersl loss of sensory, motor, and mental
elertness. The peychologlcal tests reflected the impeimment of the circule-
tory and rsspiratory mechanisms snd the comnsequent lack of oxygen being de-

livered to the centrzl nervous system.
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In this part of the investigation zn attempt has been made to study

the effects of high concentrations of carbon diéxide in the presence of &
deficiency of oxygen in the inspired air. As deécribed in the introduction,
one of the initial respiratory responses of the organism to low oxygen 1ls a
marked increase in the rate and depth of breathing which tends to upset the
equilibrium of the gases in the alveclar eilr, particularly the carbon dioxide,
Y. Henderson {31) and others have stressed the importance of the excess of
carbon dloxide under conditions of anoxemie, and the possibllity of counter-
acting the effects of oxygen want by excess carbon dioxide. The value of using
mixtures of 7 per cent carbon dioxide end 93 per cent oxygen 1ln carbon mono—
xide polsoning end in variocua clinicel disorders where failure of respiretion
is an important syndrome has been falrly well established. No thorough studies
have been made of the blood gases and psychologleel changes, however, of nor-
mal and excess amounts of earbon dioxide in the presence of =& deficiency of
oxygen. This problem seemed to be of particular relevance in high aititude
'flying in aviation and in the use of sealed cabins in commercial air trans-
portation.

Thrée different eiperiments have been carried out relative to the
hypothesis that the presence of two to three per cent carbon dioxide may
stimlate the breathing so as to aid the uptuke of oxygen. There was the
possibility that 3 per cemt carbon dioxide for 3 to 6 hours might be very
uncomfortable and have certain harmful effecté. Even if there were no adven-
tage in the uptake of-oxygen, there was the possibility that the excess carbon

dioxide would increase the pulmonary ventilatlon so that sealed aeroplane
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cabins culd be more easily equipped for operations at high altitude.

A, In the experiment at Columbia four subjects, somewhat below
average in general physical conditicn, were tested under the following con-
ditions in the low oxygen chamber: {irst, in approximately 1l per cent oxy-
gen (17,000 feet) with 0.5 to 0.8 per cent carbon dioxide; and second, in
9 to 10 per cent oxygen (19,000 to 22,000 feet) with 3.0 per cent carbon dio-
xide. During each periocd a series of psychological tests was administered
to each subject. Mr. H., T. Edwards collected samples of arterial blood and
alveolar air. The results of the psychological tests are shown in Tables 31
and 32, and the physgiological tests and blochemical determinations in Tables
33 to 36, inciusive.

In the psychological tests all of the subjects were significantly
impajred in the presence of oxygen lack with a fairly normal concentration
of carbondioxide. The mean arterial oxygen saturation dropped to approximately
80 per cent, and the partial pressure of oxygen in the alveolar air to 40-45.mm.
Two of the four subjects had to be removed from the chumber toward the end of
the two-hour experimental session and a third developed severe tonic—clonic
muscular twitches. When the experiments wore repeated with 3.0 per cent carbon
dioxide, even though the oxygen perceht&ges were approximately 2 per ceﬁt lower,
i.e., 5,000 feet higher, the arterial oxygen saturatlion remained elevated to
approximately B80-85 per cent and the partial pressure of oxygen in the alveclar
air to 4%-50 mm. . A1l of the subjects did better in the psychological tests
in spite of being approximately 5,000 feet higher (ef. Table 31). The subjects
were also more comfortsble and complainedaof fewer unpleasant symptoms (cf.
Table 32).

B. The Harvard Experiment was carried out in the low oXygen room



Table 31

PSYCHOLOGICAL TESTS ~ EXPERIMENT IN LOW CXYGEN AND WITH

3.0% CO, IN CHAMBER

Color Naming
Condition Time Code Paired Associate Test
880, |FrroYrs
[Berman
Control 62 1 104 8
11% 0,* - 0.86C0,
I Hour 70 7 141 4
I Hmr 72 L] 125 B
10% Oz + 3.0% COp
I Hour 64 3 107 6
11 Hour 66 2 126 é
Friedman
Control 80 2 109 7
11% Oy + 0.6% COp
I Hour 47 13 118 4
II Hour 59 7 130 3
104 0, + 3.0 C
I %ur % 49 4 108 6
II Hour 52 3 112 5
Jaromne
Control 5l 2 139 &
11% ? + 0.6% COp
our 56 7 176 2
II Hour 80 5 172 2
9% Oof + 3.0% COp
I Hour 56 2 145 3
II Hour 59 S 141 4
Reichline
Control 35 2 110 7
11% Op « 0.6% COo
I Hour 42 10 150 3
II Hour 48 7 158 2
9% 0p + 3.0% OCy
I Hour 39 7 118 5
1T Houv 40 3 120 5
*114 oxygen corroupondl to approximate:l: 17,000 feet.
Yaly, S .19,000 feet.
§o " " 22,000 Teet.




Table 32
PHXSIOLOGICAL AND PSYCHOLOGICAL COMPLAINTS COIPLAIHTS
12% 02 128 02 + 11% 02 + 11% Og
T ’ 5 4 COg 5% COp .
Oct. 15 Qct. 22 Hov. & Dec. B
Yeo No Yag No Yos_ Ko Yes No

(]
(4]

5

o

4

NN O
o n O

augea or indigestion
Gas on atomach or in intestines

o P Q-

(4. ]

= -

Exertion {nugcleﬁ}

Impaired coordination or clumsiness
Basily fatigued on exertion
Musculsr stiffness =nd cramps
Tremors — fingera, hands, etc.
Excesplve sleepiness
Stuttering or blocking of apeech
Greater effort to t_tasks
. |Séngory -
Headache
Visusl or suditory impairment

glng or burzing in ears
4gi?d extremities
Feeling of hest and sweating
Vertigo or dizziness .

MOUKROHO FPo |
ROPOO N | o oacoe,

Joute e
O

LRV I ol ) = el N el

B B
CumroOO

chological

Feal talkative and excited
Diffienlty in concentrating (distractable]
Slowness in reasoning

Mantelly lasy

Yeel depressed and grouochy

[Peel exhilirated end gay

Harvous, high strung, inward tension
Sudden changes in mood

Fidgety or resileas

(Worry excessively about health

Foel indjfferent snd exhamsted
TOTAL

ra

}moooowo:—mmw NMOHOMM lMoeMOBRO o lope nl—l

CO0OCO0QOMODOO |0CCOHO
AW P O Whhﬁhd CaQudO»
NMOOOCOOOMBUN |[(hHOOAM

L R I - R
O P O PR Gy
20 B e e e O MR

4.
en
o]
o;
[%4]
=]
2]
»

102

L)
o
=3
o
]




Table 33
BESULTS OF THE PHYSIOLOGICAT, TRSTS AND BIOCHEMICAL DETERMTINATIONS

Subject: Berman
Alveolar Arteriel Blood
Chamber Blood Pressure Ay k3 Tacils

Berman Oz COp |Pulse| Sys, Dilas. | 0Oz COg | % Op Saturation Acid Suger
Control 20.98 0.04 g0 101 53 102.7 36.8( 19.7 26 12.6 100
Ascent

10 minutes 57 106 54

20 minutes 62 114 €8

30 minutes 64 108 6l

Firat hour

10 minutesa | 11.2 0.3 61 103 80

20 minutes 80 101 83 44.8 29.4

30 minutes | 11.1 0.4 1] 105 86

40 minutes 62 106 80 17.6 80 12.8 104

50 minutes 64 08 B5

80 minutes | 11.0 0.8 84 115 66
Second hour

10 minutea| 11.3 C.6 68 108 &0

20 minutes 64 icB 60 40.6 37.1

30 minutes | 11,2 G.7 &2 118 61 15.2 71 9.7 106

40 minutes 8z 140

50 minutes (tremors)

60 minutes} 11.0 ¢.7 [ {tremors}

Control 20,96 0.04 125 [} 102.7 36.8| 19.7 g6 10.4 108
Ascent

10 minutes] 13.7 1.2 53 132 68

20 minputes | 10.8 4.4 80 135 &8

30 minutes 8.7 3.5 84 125 67

First hour

10 minutes 80 115 64

20 minutes| 9.8 3.0 68 113 54.0 43.4

30 minutes 9,9 3.2 &0 108 65

40 minutea 80 105 (i1

50 miputes| 10.5 3.5 &2 115 70 23 11.2 103

60 minutes 68 115 70 ’
Second hour .

10 minutea| 10,2 3.2 58 113

20 miputes| 10,3 2.4 84 112 70 52.3 40.2

30 minutea| 10.5 3,1 64 108 68

40 minutes 74 108 68 17.7 85 8.9 109

%0 minutes 74 110 7%

80 minutes 76 115 80




Table 34

BESULTS 0F THE PHYSIOLOGICAL TESTS AND BIOCHEMICAL DETERMINATIONS

Subject: TFrisdmen

Alveolar Arteriel Blood
Friedman Chamber Blood Frassure AT % lactic
Ug  CUg |Pulse| Sys, Dies. | Og TO0z | % Og Seturation Acid Sugar

Control 2C.96 0,04 72 105 82 103,7 40.4 | 21.0 100 10.4 09 ]
Ascent

1C minutes 72 93 50

20 minutes 7a 25 51

30 minutes 73 9% 58
First hour

10 minutes |1ll.2 0.3 82 o8 58

20 minutes 58 1¢0 48

30 mlnutes 11.1 0.4 Bl 96 60

40 minutes a0 96 60

50 minutes 74 95 15.¢9 85 15.8 109

60 minutes 11.0 0.8 70 91
Second hour

10 minutes 11,2 0.8 80 a8 48

20 minutes 02/54 41,9 38.8

30 minutes 11.2 GC.,7 17.0 B3 14,1 148

40 minutes

50 minutea

60 minutes 11.8 0.7

Control 20,96 0,04 76 125 o1 1103,7 40.4 | 21.0 11.9 110

Ascent
10 minutes 13.7 1.2 a1 128 76
20 minutee 10.8 4.4 86 127 78
30 minutes 8.7 3.5 100 127 78

First hour

10 minutes 160 12C

20 minutes 2.8 3.0 20 120 53.9 44,3

30 minutes 9.9 3,2 84 115

40 minutes 84 115 80

50 minutes 10,5 3.5 80 115

80 minutes 80 115 18.5 85 12.0 115
Second hour

10 minutes 10.2 3.2 26 1156 [+15]

£0 minutes 10.3 2.4 o8 - 115 a5 50.8 30,9

30 minutes 10.5 3.1 o4 118 65

40 minutes B84 115 1)

50 minutes ez i 17.8 a2 12.6 111

80 minutes 80
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Table

335

RESULTS OF THE PHYSIOLOGIGAL TESTS AND BIOCHIMICAL DETERMINATIONS

Subjeot: Jerome
‘ Alveplar Arterisl Blood
Jerome Chembar Bleod Pressurs Alr 4 laotio
Op COz [Pulse 8, as, | Op COp | % Op Saturation 4oid Suger
Control 20.98 0.04] 108 108 &4 105.2 38,1 119.1 "1 14.1 o9
Aagcent
10 minutes 126 114 80
20 minuten 138 | 1g0 78
30 minutes 114 1E4 74
First hour - ) '
10 minutes |11.0 0,3 | 130 120 Bo
E0 migutes 111 122 84 48,2 34,1
30 minutes |11.3 0.4 | 1BO 120 84 -
40 minutes l28 120 84 14.8 7l -10.4 109
80 minutes 118 181 83
‘60 minutes 11,1 0.5 | 1e0 130 ae
Second hour
10 minutes 1l.2 0.8 a0 118 6
20 minunkas lzs 128 78 48.2 31.0
" 30 minutes [1l1.1 0.7 90 118 78
| 40 minutes 77 118 ) 14.2 1] 14.1 120
50 minutes lie/86{ 110 83
&0 minutes J11.0 0.7 100 88
Oontrol 20.96 0,04] 0 | 115 105.2 38.1
Amoent
10 minutes 3.1 88 120 L1
20 minutes 4.2 1l 11¢ 71
30 minutes 8.0 3.3 | 108 110 v0
First hour
10 miputes | 8.7 3.2 | 104 | 118 68
30 minutes 8.7 3.3 | 100 180 a5 4.8 38.7
30 minutes 8,7 8.1 | 118 180 48 -
40 minutes 106 e 70 1p.0 e 1.6 112
50 minutes 108 11z 70
60 minutes 9.6 3.3 108 112 a8
Sscond hour L
10 minutes 9.2 2,9 20 11p as .
EQ minutea 9 100 70 4.9 38.1
50 ninutes 99 110 70
40 minutes 1ie 118 70 13.8 &7 1.6 10
.50 minutes 108 108 70
60 minutas 124




Tabl
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BESULTS OF THE PHYSTOLOGICAL TESTS AND BIOCHEMIGAL DETERMIMATIONS

Subject: Relchline
EIFEO AT AFTSFIN]Y BIgsn

Relchline Chamber Blcod Pressurs Air 4 Iactic
RLGLLIT T Op COp | Pulse| Sys. Dias, 02 COp | % Op Seturation Acid Sugar
Control 20.96 0,04 80 101 L3 107,2 38.9 | 20.0 98 10.4 102
Agcent

10 minutes 87 101 80

20 minutea 91 101 81

30 minutes 28 °1:] &0
Mrat hour -

10 minuten 11.0 0.3 20 94 60

20 minutea 20 o4 58 4g8 32.1

30 minutes | 11.3 0.4 o8 101 &0 17.2 a 15.4 110

40 minutes 20 98 58

50 minutes 20 92

&0 minutes | 11,1 0.5 94 4] 60
Second hour

10 migutes | 11.2 0.6 100 90 80

20 minutes 56 44.0 29.6 ]
" 30 minutes | 11.} 0.7 4 17.4 g® 11.9 109

40 minutes

50 minutea

¢0 minutea 11,0 ¢,7

Control 20,96 0,04 72 110 74 107.2 38,9 { 20.0 ) 11.2 105
Asoent .

10 minutes 3.1 72 1C8 75

20 minutes 4.2 72 108 78

30 minutes 8,0 3.3 72 111 78
First hour

10 minutes B.7 3.2 8 106

20 minutes | - 8.7 3.2 80 110 41.9 37.6

30 minutes 8,7 3.1 78 108 -17.2 Bz 13.4 108

40 minutes 82 108 ’

50 minutea 82 105

60 minutes $.6 3.3 78 1lle 75
Second hour

10 minutes $.2 2.9 74 105 71

20 minutes ez 115 70 45.1 33.8

30 minutes 104 118 88 - 17.6 ‘B0 11.9 185
40 minutes 1 98 108 88

50 minntes g0

&0 minutea 80
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at the Fatigue Laboraﬁpryu—lﬂorg extensive stud;gs were ma@e qf the_ghanges
in respiration and the blood, The experiments also'céﬂtiﬁﬁédléver'a longer
period of time (6 hours) and the concentrations of gkygen_aﬁ@fqarbonjdiq;ide
were more carefully controlled. The results of the psychological tests are
shown in Tables 37 and 36 and the alveolar oxygen und per cent saturation

of the arterial blood wlth oxygen in Table 39. The author 1s indebted to
Dr. D. B, Dill for permission to use the data of Table 39 and for the inter-
Pretation of the physiclogical findings discussed below. |

The first experimént was a control. The four subjects, who were
also the four observers {Dill, Edwards, ¥cFarland and Robinson}, ate the same
breakfast and were ready to begin observations at 8:30. The room was closed,
an absorbing unit for carbon dioxlde was started, and a simple cooling device
wad available. The tempersture was kept between 20° and 26° C. and the
huﬁidity betweep 50 and 70 per cent. The carbon dioxide absorbef—providedL
& comfortable alr circulation. The carbon dioxlde was kept at about 0.6 per cent
and -the oxygen between R0.8 and 21.1 psr cent. The day was divlided into four
periods ofahou£ two hours each. In each period a complete set of physiological
and psychologlcal studies was made on each individual. Four samples of arte-
rial blood were drawn from each man during the day for study of the oxygen
uptake, carbon dioxide content, alkaline reserve and pH. Between the second
and third perlods a lunch of soup and crackers was taken.

In subsequent experiments the same subjects were used and the same
routine followed., In the second experiment the first two-hour pericd was
carried out as before and then carbon dioxide was admitted and maintained for
6 hours at 2.8 to 3.1 per cent. In other respects conditions were the same

as before, We found that this concentration of carbon dloxide increased the



Table 37

PSYCHOLOGICAL TESTS

Andi
114 02 + | 11% 02 + 11% 02 + | 11% 02 + 112 0o + 11 0z +
3% CO2 0.5% COo 5% COo 0,5% GOg 3% CD 0.5% COp
Errors FErrors
it
Pontrol 14 15 4 4 39 0 41 0
bnd hour 17 17 6 7 9 1 48 3
Frd hour 16 18 5 5 4 2 47 4
th bour 17 - 5 - 57 1 -_— -
wards
ontrol 17 15 2 2 40 1 41 0
d hour 18 19 2 4 38 1 a4 3
rd hour 16 18 P 8 39 0 47 5
th hour 17 - 3 - 42 0 - -
cFarland
ntrol 15 15 3 5 41 Q 4l 0
d hour 18 17 ] 8 42 | .1 4% 2
rd hour 18 17 5 7 42 4] 48 5
th hour Y — 8 - 4% 0 —_— -
obinson
ontrol . 18 17 5 5 52 0 52 2
d hour 19 18 7 7 53 0 55 3
rd hour 18 20 8 ] 57 0 59 4
th hour 18 —_ 8 - 52 1 —_— -
\Averazs
Control 16 15,5 3.5 3.5 43.0| .3 13.8) .5
end hout 17 17.8 5.3 6.0 43.01 .8 47.0] 2.8
Zrd hour 16.5 17.8 4.5 6.0 44,8 .5 49.81 4.0
4th hour 17.3 - 5.0 - 43.5] .5 - -
- i




_Table 38

PSYCHOLOGICAL TESTS

gorrect) —Code (in secondg)
11¢ 0o + 3 114 0o + 0,5% Cog | 11% 02 + 3% coz | 11% Q2 + Q. 5% CO2
Ilpan Mean Is | en Errors

111

ntrol 20 20 117 0 118 1
12nd ‘hour 70 50 121 1 124 8
frd hour 80 40 123 0 135 2
l4th hour 70 - 125 0 - -
Edwards
Control 80 80 121 4] }21 1
#nd hour 80 80 122 1 128 ]

" |%rd hour 50 50 127 P4 134 2
4th hour 50 —_ 120 0 —_ -
McFarland |
Control 80 80 143 1 127 1
2nd hour 70 S0 153 1 147 5
Ird hour 70 50 151 2 156 2
lith hour |60 — 143 0 - -
Robinson
Cantrol 100 0 151 0 150 1
2nd hour 70 60 150 1 185 4
Zrd bhour 60 60 154 1 17% -
4th bhour 70 — 150 1 -_— -
AVOTUZS
Control a0 85 133 «25 129 1.0
?nd hour 67.5 55 136.5 1.00 140.5 4.5
3rd hour 680 45 138.8 1.85 149,.5 1.5
4th hour 62,5 - 134.5 25 - -




Table 39
ALVEOLAR OXYGEN AND PERCENTAGE SATURATION OF THE AK: ..TAL BLOOD WITH OXYGEN

Fatigue Luborstory - _Low Oxyren Room

Alveclar Oxygen in mm.Hp.
November 5, 19%8 24 COoo 117 02

Initiel After 1 hr. After £ hrs. After 4 hrs.
Dill 105.5 60.7 57.9 51.0
VeFarlend 111.5 €6.1 - 58.5
Robinson 14,5 57.2 6X.9 83,7
Edwards 108.1 £7.1 6l.4 66,6
Mean 106.1 B80.5 6l.1 62.4

December 3, 1336 0.5¢ C02 11% 02

D11l 103.2 7.8 41.2
MeFarland 106.1 Z4.% 8.3
Robinson 108.7 42,5 —_—
Fdwards 11%.2 40. 86 ~—

Mean 108.0 3.0 Z29.8

Percentage Saturation of Arterisl Blood with Oxygen
Novemker 5, 19Z8 %% Coo 117 0o

Initial After 1 hr. Lfter 2 hrs. Af'ter 4 hrs.
Dill 95.1 - —_ 86.4
McFarland 95.2 90.8 88.4 90.8
Robinson 96.7 87.6 B32.8 83.4
| Edwards 98.7 — 85.6 —
ean 95.9 89.4 88.7 90,0

December 3, 1936  0.5%4 CO2 11% Oo

Dill — 61.4 70.4
McFarland —_ 75.8 £7.8
Roblneen - 75.5 #*
| Edwards — 7%.4 e
Hean 35.9 70.% 69.1

#Experiment discontinued; observer fainted.
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volume of.air breathed per minute about 120 per cent., However, it did not
modify significantly the oxygen uptate under the conditions of this experi-
nent. This does not imply that increased breathing will not modify oxygen up-
take under other conditions; this will pe discussed below. The increased
volume of air used kept themtio of bicarbonate to free carbonic-acld nearly
constant; actually the ratio decremsed from 20 to 18. This was associated
with a decresse in pH from 7.40 to 7.36. These changes comprised the only
physiological effects worth mentlioning. The observations were carried on with
no discomfort and without well defined awarensss that the atmosphere was ab-
normel. There were mo after-effects discernible. The results of the psych-
ologlecal tests were within the normal range of variébility.

In the third experiment the room was closed after the preliminary
observations, nitrogen admitied and encugh oxyéen was displaced to leave an
atmosphere contalning about 11.0 per cent oxygen.. This is roughly equivalent
to 17,000 feet and the ascent was made in step-wise fashlon over one hour.
Carbon dioxide was absorbed and after a short periocd of adjustument during
which 11.0 oxygen was reached, that oxygen percentaze was maintained for six
hours. 4&s will be seen in Tabkle 39, . this redu&ed the oxygen saturatlon to
70 per cent. Expressed in another fashion, the arteriél blood contained nearly
five times as much unoxygenated hemoglobln as is normslly the cass. The breath-
ing increased abeut 20 per cént above normal and this had the effsct of rals-
ing the ratio of bicarbonate to free carbonic acid in the blood from 20 to R2Z.
Thig is about equal in magnitude, though opposite in sign to the effect of 3
ber cent carbon dloxide. All of the subjects were aefinitely handicapped during
the six hours of this experiment. The digestion was retarded, there was some

nauses and dizziness, and three had moderate headaches which persisted for an
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hour or longer after leaving the room. All of the subjects were poorer in
the psychological tests. (of. Tables 37 and I8).

The fourth experiment was devized to test the comﬁined effects of
3% carbon dioxide and 11.0 per cent oxyzen. The breathing was greatly in-
crcased.. The oxygen saturation was notably modified by the increased ven-
tilation of the lungs. The mean saturation was 90 per cent insteaétgglgogg}
In other words, the unoxygenated hemoglobin in arterial blood was only twice
normal instead of 5 times normal., In the one case the oxygen supply was
seriously lnterfered with; in the other case it was slightly reduced.

It is notable in this fourth experiment that the ratio of carbonic
acid to bicarbonate remains very nearly constant; in other words, the reaction
of the blood remaina at its normal value. In view of this and also the fact
that the oxygen saturation was as high as 90 per cent, it 1s not surprising
that none of us felt particularly uncomfortable in this experiment. Only one
had & headache; it was slight and dissppeared as soon as the experiment was
over. There was reduced appetite and some indigestion in two cases, but all
agreed that the experience was less arduous than with low oxygen alone. It
was our impression that the presence of 3 per cent carbon dioxide lowered the
altitude from 17,000 to approximately 12,000 feet.

C. Through the cooperation of Captain H., G. Armstrong and Dr, J. W.
Heim, these experiments were repeated in the low pressure chamber at Wright
Field, Dayton, Ohio. The same experimentsal procedurs waé used as in the low
oXygen room q&f;:flgue Laboratory and the same individuals (Dill, Edwards,
McFarland and Robinson) served as their own experimental subjects. The results

of the psychological tests are shown in Table 40 and the findinzs relating to

the alveolar oxygan and per cent saturation of the arterial blood with oxygen



Table 40

PSYCHOLOGICAL TESTS

Wricht Field - LAE Pressure Chamber
May 11, 1937 - 20,000 feet (9.6% Oy - 2.1% COp)

Choice Reactl
© ; :ac on Code Memory
bMesn | Errors Mean | Errors Mean
D111 Control 42.0 1 120 2 90
Second hour 46.7 2 131 b4 -
Third hour 44,6 1 132 1 80
Fourth hour 45.8 3 129 1 50
Edwards Control 40,1 1 121 0 80
Second hour 43.2 1 127 ) 70
Third hour 44,0 2 158 3 60
Fourth hour 39.9 1 158 1 40
McFarland Control 44.0 0 143 | 1 80
Second hour 49,2 2 153 e TG
Third hour —_— - 150 0 -
Fourth hour 50.4 1 155 2 50 -
Robinson , Control 47.0 ] 151 1 70
Second hour 46.8 2 160 1 70
Third hour 49.0 2 - - 40
Fourth hour 45.8 4 145 0 50
Mey 13, 1937 - 17,000 feet (11.0% Op - 0.3% CO,)
D111 Second hour 43,7 4 124 1 —_
Third hour 45.2 1 118 1 50
Fourth hour 44.3 2 122 1 50
Edwerds Second hour 40,8 4 107 2 40
Third hour 4r.0 2 105 1 50
Fourth hour 45.5 4 130 2 50
McFarland | Second hour | 45.7 2 143 2 60
Third hour 44.1 1 145 0 70
Fourth hour 45.9 1 143 1 50.
Robiqson Second hour 48.2 2 150 0 50
Third hour — - 157 1 60
Fourth hour 48.32 0 153 3 50
average 9.6% 09/11.0% Op | 9.6% 0, | 11,0% Oy 962% 1%2
Control | 45.3| .B|45.5| .B[133.8)1 {133.8{1 {80 (80
Second hour 46.5|1.8/44.5/3,0 [L42.8) 2.5/131 1.3] 70 50
7Third hour 45.9(1.3145.8|1.3 146,71 131.3| .B| 53 57.5
Fourth hour i 45.3|2.53146.0 (1.8 L48.8{1 137 .]1.8|47.5(50




Table 41

sLVEOLsR CAYGEN »ND PERCENT:GE SaTURATION OF THE saRTERI.I, BLOOD WITH OXYGEN

Wright Field - Low Pressure Chamber

alveolar Oxygen 1n mm, Hg
may 11, 1957% 2.1¥ COp - 9.6% Op
Sea Level During During
Boston Second Hour Fourth Hour
Di1l 105.5 40.0
keFarlund 111.5 59.4
Robinson 104.5 53.3
Edwards 103.1 __4B.0
kiean 106.1 45.2
Muy 13, 1937%% 0.3% COp - 11.0% Og
Diil 48.7
McFarlend
Robinson 53.5
Edwards . 43.0
kean ' 48.3
. Percentapge Seturat o Blood wi
way 11, 1937* £.1% COop - 9.6% Op
Sea Level During During
Boston Second Hour Fourth Hour
Dill 95.1 65.0 62.2
McFarland 85.2 7.0 70.0
Robinsgn 96,7 73.3 ! 77.4
| Edwards 96.7 69.2 69.6
Mean 95.9 69.9 £69.8
. liay 13, 1937#* 0.3% €0, ~ 11.0% Op
Dill - 64.4
McFeriend 87.4 84.4
Robinson : 74.0 76.8
Edwards 7R.2 1.2
ldean 77.9 T4.2

*During this experiment the carbon dioxide was being incressed at
the sume time the barocumetrie or totul pressure was being lowered,

50 that the percentage ¢f oxygen was equivalent to 20,000 feet alti-
tude (9.8% oxygen) and the percentage of carbon dicxide was 2.1%.
##The barometric pressure was altered so that the percentage of oxy-
gen available corresponded to 17,000 feet altitude (11.0% oxygen).
The curbon dioxide was held constant at approximately 0.3%.



in Table 41.

It was our intention to reduce the totsal pressure to a value 7equiva-
lent to 17,000 feet. On the whole, our subjective experiences and the psych-
ological tests were not unlike those in the low oxygen chamber at the Fatigue
Laboratory. Arterial blood samples were drawn and passed through the air
lack for amalysis. OSamples of alr from the pressure chamber were drawn at
intervals during the day, but these were not analyzed until the following day.
We were astonlished to find that the carbon dioxide had been rising and the
oxygen falling during the day due to a defect in the ventllating system. We
had actually been working at 22,000 feet with carbondioxide equivalent to
2.5 per cent, It is safe to say that with that reduction in oxygen taking
place 'ithouf ocarbon dicxide ell of us would have beensick or collapsed. Two
days later when the ventilation was working properly we obseﬁed that, aside
from the effects on the eerdrum of increasing and decreasing pressures, the
physiological and psychologlical oonsequences of a given oxygen pressure were
the same whather produced by adding nitrogen to the alr at atmospheric pres-

sure or’ by decreasling the total pressure in a low pressure chamber.

-
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VIII. Bes Fligh i
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During the past summer (1937) an opportunity was afforded through the
generosity of the United Air Lines and the Pan American Airways (both companies
provided free transportation) to check some of the data reported above under
actual flight conditions on their trans-Pacific and transcontinental operations.

A. Regults of experiments on transcontinental flights. On June 3
D, B. Dill of Harvard University and F. G. Hall of Duke University made the
flight between Newark and Salt Lake City. The average sltitude was between
8,000 and 10,000 feet. The flying condltions were fairly good; however, rough
alr was encountered previous to reaching Denver and Salt Lalke City. Both sub-
jects felt quite nauseated on the flight between Denver and Salt Lake City,
and just before reaching Salt Leke Dill vomited, and Hall would have vomited
had he not rested quietly. ‘

On June 21 R. A. McFarland of Columbia University made the flight
between Newark and Chicago, and on June 22 from Chicago to Salt Lake City.

J. W, McC,, World War piiot of Portland, Oregon, and an interested passen—
ger, served as subject between Chlcago end Salt Lake City., The flying condi-
tions were quite bad between Clevelund and Chicage on June 21 on account of
rough air and thundersiomms., Similar conditions were encountered between
Denver and Salt Leke City on June 22.

On August 11 and 1% R, &. McFarlend and H, T, Edwards made the flight
between Opkland and New York. The flying conditions were, on tge average,
good. An attempt waé made to get accurate determinations of the alveolar air.
Samples of expired alr were obtained in sampling tubes and analyzed in the
standafd Haldane gas analysis apparatus at the Fatigue Laboratory at Harvard.

The results are shown in Table 44+ The summary et the bottom of the table glves

& comparison with similar tests made on the trans-Pacific flights at the same

altitudes, i.e., 11,000 feet.
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Results - Physioclogical tesi{s. The results of the tests for pulse

rate and alveolar carbvon dioxide wede by Dill and Hall are shown in Teble 42.
There was o slight yet significant increese in pulse rate with incressing
altitude, with a tendency toward normal wvalues as sach light progressed. A
comparison of the alveolar carbon dioxicde data with that obtuained on the
Chilean Expedition {cf. Figure 9, Chugquicemats - 10,000 feet) indicates that
there was a close correspondence in these findings.

The results of the pulse rate and blood pressure tests (Recording
Tycos Sphygmomunometer) obtained by licFarland are shown in Table 43. The
changes in both McFarland and the passenger, J. N. McC., were 6nly slight
and, on the average, quite Ingignificant.

The data cobtained by McFarland and Edwards for the alveolar oxygen
and carbon dioxide are shown in Table 44. The results are in close agreemenf
with those from the trans-Pacific flights. If one compares these results
with those from the Chilean Expedition (Chuguicamats - 10,000 feet) s (Figure 9)
and from trans-Andesn flights (Figures 40 and 41) (refs. 44).
theresults also show a close corre3pondence. The mean pOo and pC0, at Chuqui-
camata for ten subjlects were 52.4 and 55.9 reapectively. On these flights
(at 11,000 feet) the mean p0, and peo,, were 62,1 ‘and 34.5 respectively.

s - P i . The psychologlcal tests included:
(1) heterophoria, or ocular muscle imbalance; (2} light sense for visual inten-
sity - Reeves wedge; (3) color naming - naming 100 Golors as rapidly as pos-
sible — score in seconds; (4) trunsliterating 50 code letters against time (in
seconds); and {5) memory for paired words. In this test the ten pairs of
words were exposed for 15 seconds each. Immediately following the initial
presentution, the first word of each palr is shown to the subject and he 1s

asked to recall the second (score in per cent correct).



Table 42
FLIGHT DN DNITED AIR LINES PLANE - NEWARK TO SALT LAKR CITY « JUNE 3, 1937

Subjeets: Pr., D. B, Dill (age 44) and Dr. P, G, Hall (age 41)
vaolar | Hetero- Color
pCO, phoria Neming Code Teot Memory
Time Altitude Pulas | mmi.Hg {40 cms,)] (In seconds) |(In seconds)|Errors] (% Correct) General Sensations
Seaa level Dill &8 D. 2.0 D, 54 D. 1l4 0 D, 80
Hall 70 ‘H. 5.0 H, 56 H., 130 1 H, 9%
Newark to Cleveland
9:13 a.m. 2,80) ft. Di1l 7a
Hall 72
9:36 e.m. 8,000 ft. D11 71 D. 118 1 D. 80 Dill, slight belching.
8lightly rough | Hall 74 H. 138 3 H. 100
10:00 a.m. 10,000 f%. D111 70 D. 3.0 D. 55 Above clouds. Smooth.
Hall 72 H. 7.0 H, 57
10:10 a.m. 10,000 ft, Dill 72 D, 116 0 D. 70 Absve clouds. Smooth.
Hall 72 H. 133 & H. 90
10:30 a.m. 6,000 ft. Dill &8 D. 7 Rough air.
Hall 68 H, 90
10:55 a,m. 6,000 ft. Dil1r 71 D. 2.5 D, 1)1 0 Rough.
Hall 88 H, 6.0 H. 137 4
Cleveland to Chiemgo
12:30 p.m. B,000 ft. Di11 38, D. 117 Q D. 80
Hell 37. H, 131 2 H. 80
1:10 p.m. D111 68 Dill 43.4 D. 2.5 D, 5% D, 1i0 0 D. 100
1:20 p.m. 8,000 ft. | Hell 72| Hell 40.4 H. 6.5| H. 50 H. 128 1 H. go | xioved lunch (both).
13
Chicago to Denver {Cagtain H. @, M. - Stewardess 5.)
1:30 p.m. 85,000 rt. | D111 80} D411 38.4 D. 3.0{ D. 51 Smooth aiw,
{1 hr. after lunch) | Hail 78{ Hall 3$.4 4. 6.0| H. 5%
2:00 p.m. 8,000 rt. Dill 40.
Hell Z2£.




Table 42 (continued)

Alveclar | Hatero- Color )
poQ phoria Raming . Code Teat Memory
Time Altitude Pulse m.ﬁe (40 ama.) |(In seconds) | (Tn seconds]iBrroTs|(% Correct) |Generel Sem ations
3:07 p.m. 3.000 ft. Dill 48.4
‘ Hall 48.4
S. 0.3
B. 41,%
3:40 p.m. 11,000 ft, Dill 73 D. 3.0 D, b8 D, 120 D. 80 -J3:40, 3:50 rough;
Hall 74 Has 7.0 H. ©C& H, 138 H. 100 Dill mlight breath-
. ) laasnens, .
3:60 p.m. 10,500 ft. DI11l 74 D, 37.8 ~ 5
Hall 77 | H. 36.3 -|Smeoth adr,
‘:20 Pele 5,000 ft. D’lll'ﬂs mth 01.1‘.
Hall 88
4:40 p.m. 6,000 ft, Dill 48 Baooth atir,
Hall 70 ! ;
5:10 p.m, 7,000 ft. pi11 71 | D. 38.8 | D. 8.5 D, 53 D. 1186 D. 100
Hell 71 | H, 39.7 H, 7.0 H, 06 H. 146 H, 90
Danver to Salt Ci
7:10 p.m. 10,000 ft. D11y 70 | D, 34,8 | D, 3.0 D. 55 D, 113 D. 80 ﬁiough. Di1l vomited,
Hall 70 | H. 38,0 | H. 7.5 H, B9 H, 134 H, 70 [Hall nauseated,
Means - a Level
D111 Hall D111 Eall] Dill Hall D11l Hell
Sea level 2.0} 5.0
6,000-8,000 I+, 39.7139.2 2.,6] 6.4
10,000-11,000 ft, J8.9137.3 3.0] 7.2

During the last half hour the air was very rough. Hell alept through this, but awoke with nausea as the Salt Lake iirport
Dill vomited just as the airport was reached. Within
Neither had headachaa.

was approached,

He d4id not vomit, but had nausea for another hour.
a Tew minutes after landing he felt well and had no further discomfort.




Table 43
FLIGHT ON UNITED ATR LINES PLANE - NEWARK TO SALT LAKK - JUNE 21 AND 22, 1937

Subjects: Dr, R. A. McFarland (age 35) and Pasceunger J.W.Mc. (age 49)
N Visuel Color
Hetero- Intensity | Neming Cade Mewiory
Blood phoria jReevea Wedg (In {In 1 (4
Tme Altitude Pulss Presspure|(40 cms.){ R. L. |Seconds) |Seconda)|Brrors Porrect] Generml Sensationa
Sen level a4 116/76 ~B.0* 8.0 | 8.3 64 1M 1 80
Hawark to Cleveland, June 21
9:30 a.m, &,000 £+, Climb~
ing higher 66 -1 141 0 Smooth., Telt 0.K,
10:10 a.m. 10,000 ft. 72 120/60 =3.0 7.4 7.5 80
10:45 a,m, 10,000 ft. 70 65
Cleveland to Chicapo
11:30 a.m. 3,000 ., 80 140 [} 60 Alr very rough,
Thunder storms. Felt
12:05 a.m. 10,000 ft. 72 11¢/78 -2.5 7.8 7.0 1446 2 neuseated, Pelt mich
better at 12:05.
Chicago to Denvar, Jume 22 (Captain V. W, V.)
8/7
1:10 p.m. 10,000 ft, 88 (i%ﬁ;?g -3.0 67 80 Felt fine,
2:00 p,m. 10,000 ft, 72 7.4 7.8 140 0
3110 p.m. 18,000 Tt, 78 120/78 -4.0 6.6 | 8.8 70 Felt alsepy.
4:05 p.m. 10,000 ft. J.W.Mec 80  130/70 6.5 | 6.2 - 1t nausested.
4:40 p.m, 8,000 ft. 1i4 1 70 ﬁr very rousg.
Denver to Salt Lake City (Captain E, D. W.) Alr very rouwgh. Stormsi
8:15 P 10'000 %, 4 ! -4.5 &8 R.M. Nauseated. J. UM,
7:10 p.m. 10,000 ft, 78 112/76 145 1 80 ¢1}°;‘13°h°- Alr rough.
J.W.Mc. B 140/82 W.M, intense headache
9140 p;m. Hotel Utah &8 124/76 8,0 | 8.2 65 140 2 80 H.M, slight headachse
JTJW.Mc, 78 135/80 7.2 | 7.8 and quite fatigued.
Means - Sea Level '
R.M. Saa lavel 1.3 120/78 2.0 8.0 B.25 64,0 138 1.5 B0
10,000 ** 73 117/77 3.4 7.25| 7.4 86,06 142.B .78 78
J. A Me. Sea level 78 135/80 -—- 7.2 | 7.6 - - - -
10,000 ** B2 135/76 ——- 6.5 | 6.2 .- - - -
* Minus 3 e indicate esophoris. #Excesslve emount of alcokol on the night

*iversge oltitude,

previous to the flight.



Table ¢4

ALVEOLAR ATR SAMPLES FROM TAC PASSENGERS
ON FLIGET BETWEEN QAKLAND AND CLEVELAND

United dir Lines Planes
Avgust 12-13, 1937

¥,000 Teet 11,000 Teet
Berametric Pressure 539 Barcmetric Pressure 500
pO2 pCO2 p0g PCOp
ggwards
Left Reno at 3 p.m,
Sample taken &t 5:05 p.m. 8.2 36.2

Left Cheyenne at 7:45 a.m.

Reached 11,000 feet alti-
tude at 8 a.m.

Semple teken at 5:30 a.m, 60.4 30.3

Left Chicago st 8:30 a.m.
Remched 9,000 feet at 9:15

a.m-
Samvnle taken at 9:40 a.m, 66,7 34.3

MeFarland

lLeft Cheyenne et 7:45 a.m.
Reached 11,000 feet mltitude

et 8 a.m,
First sample teksn et B:25

a.m. 62.7 36,8
Second semple itaken at

9:15 a.m. 83.0 35.8

Laft Chicago &t 8:30 a.m.
" Reached 9,000 feet at

8:15 a.m. .
Semple teken 2t 9:35 a.m. 61.7 58.8
Supmery (Meens) .
Edwards 66.7 34.3 g8l.3 32.8
McFarland 61.7 39.8 2.8 36.2
Average 84.2 37 .0 62,1 o4.5

Crew Average - Patifie Fliﬁ?ta -- - 88,9 35.3
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The results, as shown in Tebles 42 end 43, were conslstentiy yet inslgnificently

lower at the high sltitudes during the flights. The variations ere only
sllghtly grester than the experimental error and the possible sffecte due

to the distractiona while in flight. 1In the code test, for exsmple, there
wags an everage decrease in time for each test of £ to 3 seconds mt high mlti-
tude compared to see level; in the memory test, from 4 per cent to & per cent.

The smount of unesturation of the arterigl blood with oxygen =t
10,000 feet decreases from the normal see level vaiue of 96 per cent to approxi-
mately 90 per cent. At 12,000 feet the per cent saturetion of the mrterisl blood
would be epproximately 86 per cent. From & wlde number of observatione at
high sltitude on mountesin expeditione end in simuleted high altitude in chem-
bers at sea level, slight yet stetistically inelgmificant changes in sensory
or mentel functions with this smount of arteriel oxygzen unsaturation heve
been observed.

It appeers that healthy subjects between the ages of 18 snd 60 years
are only slightly affected at mltitudes of 10,000 feet after two to four hours.
At 12,000 feet to 14,000 fest the average pacsenger experiences sleeplness and
lassitude, end 1f tbhe alr is smooth, tends to fell asleep. If rough air were
encountered, however, any tendency toward nausea, heedeche, or cardiee dis-
trese tends to be mccentueted. Passengers who have & tendency toward ™nervoug-
ness™ tend to be more susceptible to the 11l effects of high sltitude; also
those who heve had liftle Eleep the night before, or excess slcohol.

B. Results of experiments on trans-Pacific flights. During the

month of August, 1937, H. T. Edwards (biochemist at the Barvard Fatigue Lebore-
tory) end R. A. McFarlend carried out s series of studles on the crew and
pessengers during e routine flight of the Pan Americen Clipper Ships flying
from Alamede, California, to ﬁbng Kong, China. Betwesn Alsmeda.

end Menila, P. I., the meen eltitude was 2,500 feet; the fotal flylng time,
122% hours; end the totel nsuticel miles, 14,141. A complete aocount of thie

study mey be obteined in the originel article (cf. reference 49). The log of
the rlight 18 shown in Figure 42.



LOG OF TRANS - PACIFIC FLIGHT

MEAN ALTITUDE 9,480 w ‘E
TOTAL FLYING HOURS 122h 25 m
TOTAL NAUTICAL MILES I4,14i
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The investigation was concerned with the effects of gradual ascents
(1 to 2 hours) to 8,000 to 12,000 feet altitude followed by long fllights vary-
ing from 8 to 20 hours in length. It wus .mude on airmen in good physical con-
ditlon while carrying out the normal duties of operating an aseroplane on trans-—
Pacific operations, and on passengers. The eir was relatively amooth throughout
the entire flight. The investigation was undertaeken from the practical point
of viem of aviation for the following reasons: (1} to determine the amount of
fatigue involved in long transoceanic flights in terms of objective measure-
ﬁents; (2) to study the maintenance of health in the airmen in carrying out
such operdtions; (3} to analyze tne efficiency of the pérsonnel rhile in flight;
and (4) to recommend safety measures 1n relation to human limitations. The
study was of general scientific interest from the viewpoint of measuring ob-
jectively the changes in the circulation, blood, the sense organs and the cen-
trgl nervous system due to long exposures at moderately hlgh altitudes, as well
a8 in analyzing the amount of acclimatization attained during 122} hours in
the air. It also afforded an excellent opportunity to compare the effects
of oxygen want under asctual flight conditlons with studleimade on mountain ex-
peditions and in low oxygen and low pressure chambers at sea level.

The physiological tests included: (1) the Schnelder Index, le., the
pulse rate and blood pressure reclining, the chanées on standing, the pulse rate
after a standard exercise, and the time required for the pulae to return to
normal; (2) the minute volume index of the circulation; and (3) the urine
volume. " The blochemical determinations were for oxygen and carbon dioxide in
alveolar air and in blood, the concentration in blood of sugar and lactic acid, and
the comcentration in plasma of profein, cholesterol, chloride and nonprotein

nityogen. Also, counts were made of red cells and reticulocytes. The psych-

ological tests included: '(1) heterophoria; (2) near point of accommodation;
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(3) brightness discrimination; (4) gquickness of apprehending the meaning of
words exposed for fractlons of a second ln a focal plane shutter apperatus; (5)
Eode test for maintenance of attention and accuracy of transliterating letters;
and (6) memory.

Reg 0 i gts. In selecting the psychological
tests 1t was necessary to obtain those that could be repeated without marked
practice effects, that were sensitive enough to measure slight alterations in
funetlons, that included a fairly wide range of sensory and mental reactions,
and that were portable and easy to administer. Visual tests were stressed be~
cause of the primary importance of that partlcular sense in flying., With the
7 above considerations in mind, the following tests %ere administered in Rlameda
and at vurious intervals throughout the flight. The results are shown in

|
Table 45. On the average, there was an impairment of 6 to 8 per cent in the
psychological tests at 9,000 to 12,000 feet following slow ascents.

Results biochem]j sts. In an attempt to discover whether
there was a significant alteration in the respiratory response of the airmen to
the long flights at high altitudes, and consequently marked variations in the
blood gases, an snalysis wes made of the alveolar air and the'per'cent satura-
tlon of the arterial blood. The following conclusions may be drawn from these
testa:

Alveolar Alr. The average partiel pressures of oxygen and of carbon
dioxide, exprgssed in mn. Hg, are normal for the 11,000 feet altitude (cf.
Table 46). The mean partial pressure of oxygen in these airmen aversged 4.8
mm. higher than that of unacelimatized passengers after an ascentto the seme
altitude in 45 minutes and thut of subjects trensported by aeroplane te gimilar

altitudes within one-half an hour by Schneilder and Clark (56). The similaerity
of the averéges for the crew and for acclimatized men at this altitude suggests

7 thet the alirmen bécome adapted to the high altitude &nd malntein & higher oxygen



Table 45

PSYCHOLOGICAL TEST8 ~ TRANS-FACIFIC FLIGHTS

Means and Standeard Deviations of Sensory and Mental Teats for 8ix Alrmen
and Two Passengers after Five to 8ix Hours at the Altitudes Indicated

Homolula
Midwey to| OCuem to Guamn to Honolulu {Boa Level)
Wake Manile Wake {Sea Level) Bnd of
Test 11-12,000| 11,000 £t.]| 9~10,000] End of Layover
t. 7/10 7/13 rt. 7/18) Flight 7/19 7/26
Exophoria (Prism Diop-
ters)
Mean 1.56 1.5%4 l.82 .79 .75
3.D. 1.07 1.53 1.00 92 .77
P.P. of Accammodation
(G.m. 11{
{Right eye) - Mean 14.07 14,00 1z.78 13.87 13.17
8.D. 3.81 2.59 3.96 3.25 3.10
Brightness Discerimina-
tiond
{Right eye) - Mean 7.7% 7.6% 7.9% 8.8 8.8
8.D. «31 .27 27 o 80
Spesd of Apprshension
{1/90 mec.) One Word Se-
ries - Mean {$ correct) 9l1.1 94,0 90.4 93.9 92,3
8.D. 8.44 .46 5.9 8.45 8.12
Two Word Series--
Mesn (% correst) 60.8 65.0 60.0 53,6 68.3
3.D, 12.05 9,93 9,67 13.0 12.76
Jolnson Code (Beconda)
Mean 134.0 132,11 132.0 125.4 12x.7
8.D. ‘B3 12.06 8.18 6.71 3.25
Memory Test (% correct) -
Mean 75.71 74,29 73.57 85,00 88,33
3.0, 12.38 10,12 14.69 6.53 5.60

*These means represent statistically eignificant differences from the observed
value at end of flight, i{.e, lear than 1 chance in 100 that chance variation oould

have accounted for this walue.

statistically.

AResults were similar for the left eye.

Kone of the other differences were raliable
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partiel pressure then passengers. Thus, the added burden on the crew of flylng
the shlp has no impairing effect on the respiratory mechaniam.

Arterisl bloocd. Five erteriel bloode and one venous blood were ob-

tained st spproximetely the time of ocbtelning the ebove ulvecler air gemples on
the flight beiween Honolulu end Alemeda (efter 12 hours et 11,000 feet). (CEf.
Table 46.) The average oxygen saturation of the srteriesl blood {90.l1 per cent)
is close to that found In closed chembers &t ses level after seversl bours and
on mountains after acclimatization at this sltitude. Lactic acid velues on these
bloods were within the normal renge, with the possible exception of Ralph (24.2

mgs. per cent).

Venous blocd. Six venous bloods wers drawn after flying for seven
bours st 8,000 feet between Midway and Honolulu. The resulis of the various
determinations relating to the blood morphology end blood chemistry are shown
in Teble 47. The increese in red cells was approximetsly 10 per cent. The nor-
mal reticulated count meens thet mwo unﬁsual mmber of immeture red cells had
entered the blogd streem and euggests thet the increese is due to the additiocn
of stored cells or to dehydretion. The increase in serum protein end serum
ehloride 1s aleo suggestive of a certain smount of dehydration. The normel non-
protein nitrogen, blocd suger end cholesterol wvaluee suggest that there was no
serious upset of the proteim, carbohydrate or fat meteboliem. With accentusted
emotional excitement or worTy, the lneressed secretlon of edrenalin may ceuse
a riee in blood suger. The normel velues cbserved in these alrmen suggest that
po such excitement or worry wes teking place. .

In general, the 17 slmmen studied during typleal trans-Pacifie opera=-
tlone became scclimetized to the high eltitude and meinteined a high degree of

mentel and physicel efficiency throughout the flight. The 11 passengers of meverzge

age and filinese studied, elthough notmenifesting the seme degree of acclimetlization

es the eirmen, showed no objective signs of fatigue or physical distress. It should
be kept in mind, bowever, that the subjective feellnge of fatigue were fairly acute

in both the eirmen end pessengers et the end of the longer flights, although the

. results from the physlologicel and psychologicel teste wers, on the aversge, nagative,
This study indicetes that the stress of flying on theae trans-Pecific operations le



Teable 45

ALVEOLAR ATR AND BIOCHEMTCAL DETERMINATIORS ON ARTERTAL BLOOD

Tlight: Honolulu to Alameda
11,000 ft.=-(509 mm. Hz) for twslve hours

Orew No. 2
Alveolar Air Arterial Blood
Tactie | Content | Gontent Os <

PO, | pCOy Acid 0 GOy Cepacity | Sat., |

om. me, | mza.$ | vols.® | vole.% vols,%
Badio {B) 78.9 | £28.7 14,0 | 18,14 39.? 20.42 8s8.8
m'igltor (K) 74.0 ] 33.9 — 41.3 23,3 90,2
Eginear (1) 65.8 | 40.5 9.7 18.44 4.3 19,91 98.6
Jr. Pllot {P) 67.41 33,0 2l.44 3.4 23,01 1.2
Jr. Pilot (R) 59.9 ] 38.4 24.2 —F -— . 19.16 -
Passenger (1) 55.2 | 37.6 17.5 18.77 42.5 21.40 a7.7
Average 66.9 | 35.3 16.3 41.1 21.2 90.1
Acelimatized man
at thiﬂ !ltitud. 65.0 53.0 15-0 ) ‘3.0 21 _381-”

*Jenous blood.




Table 47

BIOCHEMICLI, AND MORPHOLOGICAL DETERMINATINNS ON VENOUS BLOOD

Flipghts Midway to Honolulu: Alt.--8,000 feet for seven hours

During Flight

After 8 days st

Honolulu
Size Non-— Choles-| Chloride Sire
Retic.] RBC | Cell| Ve/ | Plasma | Protein | Blood | terol |Plmsma (not| RBC {Cell| Ve/
Count [Count| Vol. { RBC | Proteinj Nitrogen | Suger |Plasma | under oil)| Count [Vol.| RBC
y 4 mill. | % % mg.% mg.% ’mg.% mng.% mill. | &
Engineer (A) 1.0 5.55 46.2 | 0.83| 7.56 30.6 20 208 108.7 5.06 }46.51 0.92
Jr.Pilot {C) 0.5 6.00 51.2 | 0.85] 7.68 29.4 118 217 110.2 5.05 |49,9) 0.99
Jr.Pilot (G) 0.4 5.75 {48.0| 0.8 T.x4 9.7 108 207 107.1 left - -
Stewerd (H) 0.6 {5.45 - - | 7.73 39.5 a7 - 111.6 left ~ -
Navigator(L) 0.7 Se¢B5 | 45,8 10.8B8 1 7.73 33.0 a0 178 110.5 4,75 V44,1 0.93
Jr.Pilot (0) 0.6 5.068 | 47.7 | 0.94 ) T7.53 51.86 100 228 108.7 5,15 47,5} 0.92
P— —-
Average 0.8 ]5.5% | 47.8 |0.86] 7.52 52.5 99 217 109.4 .00 j47.0% 0.94
- |+0.5
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not scute eonough to deplete the fuel reserves of the body or give rise to

the accumulation of fatigue substences in the blood.

IX, Suympary: Before attempting to outline tentative conclusions, a

general summary will be given of the entire investigation. First, the various

problems relating to passenger cowmfort in modern air transportation were out-
. lined. It was pointed out that one of the most important questions which
has not been solved adequately by the aircraft engineers relates to fhe af-
fects of the reduced oxygen pressure encountered at high altitudes.

Second, the physical factors of the environment at high altitude
were discussed in relation to their reaction on the human orgunism and the
amount of oxygen in the inspired air which would be required to msintein sea
level conditions (159 mm. Hg).

Third, a description was given of the various experimeﬂt&l proce—
dures used at sea level to simulate theessential conditions of high altitude,
such as Douglas bags and rebreathing devices, low oxygen and low pressure
chambers, in comparison with actusl flights fo high altitude.

Fourth, an analysis was made of the important variables of flying
at high altitude, such as the height attoined, the length of exposure, the
rate of ascent, and the physical characteristics of the individual and of the

alr while in flight.

Fifth, the physiclogical mechanisms of acclimatization, with apecial
regard for the importance of carbon dioxide, were analyzed briefly and the
responses of the average unacclimatlized passenger compared with the average
acelimatized alrman. |

Sixth, a dscription of the various experiments was then given, along
with the presentution of the experimental data. More then 237 subjects
were studied during rapld ascents and 84 during slow ascents in the parts of
the investigation sponsored by the Bureau of 4ir Commerce. The experiments

were divided into six parts, as follows:
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Part I. In the major experiment there wsre-two rates of ascent,
approximately 20 minutes, and 1 hour and 20 minutes, to similated altitudes
of 10,000, 1%,000, 14,000, 16,000, 18,060 and 21,000 feet. A series of
physiologicel and pasychologlcal tests was glven to each subject before and
during each ascent. The data was treated by the usual statistical proce-
dures to determine the reliability of the observed differences.

Part IL. 1In this experiment the varisble of age was partialed out
for special study. Three aée groups (17 to 30 years, 30 to 45 years, and 45
to 72 years) were given the various psychological and physioclogical tests
during rapid and_élow ascents to slmlated altitudes of 14,000 feet.

Part ITi., The relationship between tolerapce for altitude and
physical fitness mas analyzed in this part of the inveéstigation. A group of
physically "fit" and physically "unfit" college students wes studied during
rapid and slow ascents to simulated altitudes of 16,000 feet and during rapid
ascents to 12,000 feet. Also, a group of patients diagnosed as psychoneurctic,
with prominent symptoms ofrfatigue and exhaustion, wes studied during rapid
ascents to simulated altitudes of 18,000 feet. |

Parts IV ang V. (Sponsored independently of the Buresu of Air Com-
merce.) An attempt was made to analyze the effects of reduced oxygen pressure
with and without an excess amount of carbon dioxide (3.0 per cent) in the
inspired air. The experiments were madé under three different exﬁeriment&l
procedures: (1) low oxygen room at the Harvard Fatigue Laboratory; (2) low
oxygen chamber at Columbia University; and (3) low pressure chamber at Wright
Field, Dayton, Ohio.

Part VI. The final aspact of the investigation dealt.with the at-
tempt to check the data obteined.at simulated altitudes in chambera at sea level
under actual flight coﬁditions at hlgh sltitude on comme?cial air transports.
These studies were carried out during regular passenger flights on transcontinental

!

(United air Lines) and trans-Pacific (Pan American Alrways) operations.
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X, Conclusions: The folloring tentative conolusions may be stated
gonoerning the effects oi reduced oaygen préessure on man from these experi-
ments, m3 well as from a review of the litermture on the subject. These
findings will be disocussed under the folloving gemneral headinga: 1I. The
spacifio eltitudes where the orpganism is first affected and where there 1is
e measurable degree of Impairment. 1l. The effeats nf gltitude in relation
to rate of mscent. III. The cumuletive effeots of high altitude, that is,
the length of exposure in relaticn to deterloration or, nn the other hand,
to agolimatization. 1V. The way in which the physieal charesoteristiocs of
the individual may influence the response of the organism to high altitude,
espesclally age, physical fitness, emotinnal excitement or psychoneurotie
behavior, snd &lochol., V. The rols of ¢arbon dioxide in facllitating ed-
aptatirn, and VI, Interpretatiosn of the possible waystin which a reduction
in oxygen pressure may effeot cellular sctlvity and bring about an alter-
atiom in physiological and mentél funotioning.

1. The Specific Altitudes Whers the Organism Is First Affected and Where

There Is a '‘eagurable Degree of Impairment.

The maintenance of mn sdequate oxygen surply in the blood 1s suoh
an important factor for all cellular aotivity that ohsnges in the organism
apparently take plaoe na Boon as cne leaves the ground in an asroplane, If
one examines the oxygen dissoclation ocurve in relation to the partial pres-
sure of oxygen 1in the alveolar air and the barometrio pressurs, it ls ob-
vious thaet alteratlonas would naturally tale pleoe at very low altitudes {(af.
Figure 9).

In a series of experimenta on pilots during the World War Solmelder

(556) found that the pulse rate per minute was acoelerated in a few men at
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17.5 ver sent oxygen (5,000 feet)s 1In one group of 70 men the accelerations
began as follows:
1% ﬁogan to react between 7,000 and 8,000 ft, ~- 16.0-15.5% 0,

127 vegan to reaot between 8,000 and 9,000 ft. ~- 15.5-14,9% 0,

20% began to react between 9,000 and 10,000 ft.-- 14.9-14.27% 0,

14% begen to react between 10,000 and 11,000 ft.--14.2-13,74 0s

2%} began to react between 11,000 and 12,000 ft.--15.7-1§:2% 0s

20% began to react between 12,000 and 13,000 ft.-—ls.z-lz;kﬁ 02

67 began to react between 13,000 and 14,000 ft.—-12.7%12.2%4 0,

There 1s little evidence, however, that a slight reduoction in oxy-
gén preasure, glving rise to various c-mpensatory mechanlams suoh ss an ini-
tial inoremss in oiroulation, ln hemoglebin, or in pulmonary ventilation, is
negesaarily harmful to the organism, especially {f the perszon is not 1li.

It 18 plsoc well known that frequent exarolse of ones sdaptive mechanisms may,
on the other hand, be benefigisl. The most importent question, therefore,

ls not where the very flragt effects of altitude are manifeated but where the
alterationa may be sccentusted enough to actumlly impair ones sensory mnd
mental fungotliong or bring about physical symvtoms of unplessantness, such as,
headaohes, vertiga, exsessive sleepiness, and fatigue or exhsustion.

In the series of studles reported above on large groupas of wneo-
olimatized subjects, oorresvnonding to an aversge oross seotion of the flying
public, the firat impairment on psychological funotiona whioh proved to be
statistically signifieant was, on the average, in the neighborhooed of 12,000
feet, {The acatterlng of the means eround the aentral tendensy, however, was

feirly lerge (of, Figures 28 and 31))., This applies to the effeots of m re-

dugtion in oxygen pressure {under simuleted sonditions of high altitudes)
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while the subjeot waa oomfortablely seated in the chamber and completely un-
awars of the extent of the alteration in oxygen surplys. of. Tables 12 to 15
ivolusive. The only psyoholegical test whlech showed statiastioal reliability
at 10,000 feet gompared with the ocontrel was the one for immediate memory
folloewing a repid asoent, 3ince the means in this test were not significant~
ly different from the ocontrol at 12,0.0 feet, both for the ravid end slow
aacenta, too muoh importance oamnot be attached to the above finding. In
general 1t may be concluded that the aversge impairment in the most sensi-
tive and reliable psychologlcal tests approximates 6-10 per ocent at 12,000
feet whather the oxyzen pressure la reduced within #% hour or 4 hours, in a
chamber at sea level or in flights at high eltltude,

The physliological effects are alsc, on the average, significantly
dirferent from the contrel data in the neighborhood of 12,000 fest., of.
Tables B to 11 inoclusive. The {nitial increase in pulae rate was signifi=-
cant st 12,000 feet following rapld ascemts but not at 10,000 feat, The
findings on the aystolic and dia;tolio blood pressure are diffioult te in-
terﬁroto glnoe many subjeota show an inarease and othera e deorease, the
net reault being that the changes in the means are only slight umtil the
more acuts stages of oxygen want are reached.

Gonsidered from the poirt of view of feelings of bodily discom~
fort, or in terms of physiologioal and psychological somplaints (of. Table
16), the average ungoolimatized pasaenger 1s aignificantly effected at
12,000 feet (of. Tables 16 to 18 inolusive, alao Table 23}. A ocertaln num-
ber wf subjects are affeoted at 10,000 fest, but if one conaldera all of the

variables, such as, the numbers who might have a headache fyrom doing the
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testa in normal alr, ete., 12,000 feet appears to be the more oritioal alti-
tude. Thia epplies to the oomplainta mentioned voluntarily, as well aas, in
answer to¢ the questions in Table 16, for normal aubjecta whil seated in a
chamber or in flight at high altitudes.

The results of other atudles dealing with the psychological effecta
of lowered oxygen pressure are in general agreement with the findings of
.this investigetion. In an experiment with a Dougles bag, for example, Billas
(9) found that at 15 per cent (8,000 ft,) oxygem the number of nblogkan
(indiceting mental fatigue} was insignifiocent but thet 12 per cent (or ap-
reoximately 14,000 ft.) there was a significant degree of blocking. (ef,
Figure 43). In experimenta on handwriting with a modified rebreathing ap-
peratus, Goralewski (26} found that the initial effeots in & handwriting
test were apparent In 44.5 per cent of his subjeots et 18-=14 per oent Op,
(ofs Part A, Figure 43) end significantly advansed in 52,9 per cent subjeots
at 14-10 per cemt 0 (13,000 to 22,000 ft.) (of, Part B, Figwe 43). In a
series of psychologlcal teats MoFarland opserved that the initiml effeats
were apparent in the neighborhood of 12,000 feet (45, 48). As shown in
Fiéura 44 the deterioration of motor control in hendwriting is progresaive
with inareasing altitude (45). Also Tanaim (64), as olearly illustrated in
Figure 45, found thet Inoreasing and decreasing the oxygem pressure in Hal-
dane's low pressure chamber at Oxford significantly altered the average sub-
Jeots' responses on payochologlaal tests in the melghborhsoed of gimulated |.1- 
titudes of 12,000 feet. OQther payohological studies which tend to. support
this general oomoluslon of 12,000 feet as being the oritical twrning point are
'aa followa; Lowson, low axygen chamber (4l), Jongblced, low preasurs ohamber

(35), Baraoh, MoFarland, and Seits, low oxygen ohamber (3), Weapi, low prea-
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gure chambsy (67}, Loewy, mountain expeditions (40}, (Stern observed differe

ences at 8,000 feet in the Alpa (62, &3}, ant McFarianrd, high eltitude flights
following rapid sgcents (44} and MoFarland and Edwerds, high eltitude flights
following alew mscent (45)}. In air men who are woll acclimatized to high al-

titude flying the psycholegionl effects are hardly apparent at 12,000 feet

(49)+ During the Ohilean Expedition (1936) ten men, betwsen the ages of 29

te 44 years, who becams acolimatized o high ai%itudes over a period of three

months were not aigﬁiflo&ntly impaired in & geries of sensory, metor, and

mental teats until altitudea as high as 15,440 feel and 17,600 feet, indi-

cated that ecclimegtization is an impoil:-tant veriable., of. Figures 46 and 4‘?[1‘61'-. 44}.

II. The Effects of Altitude in Reletlon to Rate of Apscent.

The reaults of thias invesatigation indicate thet rete of ascent Is
an importent variable mt 10,000 feet and sbove, L.e. if the average subject
is trangported to aimulsted sltitudes of 10,000 feet and ebove within 15-30
minuteqa the effeota of the altitude are, on the mvernge, significantly greater
then when similar altitudes are attained within ome hour and thirty minutes.
This appsars to be trus of the physielogloal respenses as well as the paycho=
logicnl onea.

In regord to the physiologlesl ieats, the pextlal pr;nssvre gf the
alveelar oxygen was signifiocantly higher and the carbsr diexide lower in the
aoolimatized members of the (Ohilean Expedition compared wlth the subjects of
this experiment (of. Figure 19); alaoc the partiel pressura of the alveolsr
exygen in the alveolar alr was higher in the alr men oonirasted with the pa,a-'-
gengers on the trang-Paoiflo flights (af. Pable 46 (49}. Likewlae in these

experiments In simulgted high sltitudes the partliel preasure of the ddveolar
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oxygen wes higher followlng elow ascents than following repid ascents (Figure
19).

In generel it mey be said thet the varietions in pulse retes were
less extreme particularly at 14,000 feet end ebove following slow ascente than
following rapld cnes. This may be verified by observing in the Tablaq thet the
significance of the observed dlfferences were grester for each altitude follow-
irg rapid ascents then following slow ones (of. Figures 16 end 18}. 1In ppysicallj
unfit subjects these differences were guite marked. At 14,000 feet end 16,000
feet, for example, & number of‘subjects collapsed during rapid ascents, while
they beceme feirly well acclimetized during slow ascents to simllar altitudes.
The physioloziesl snd peychologicel complaints were elso less numercus during
slow sgcents as contrasted to rapid omes. The greester frequenoy of compleints
during e repld ascent to 16,000 feet contrﬂsted with & slow one is clearly
demonstrated in Teble 23 and in Figure 3.

Rate of escent esppeared to be m significent factor In success with
the various peychological tests st 12,000 feet and ab;ve. This general observe-
tion may be verified in the case of emch test by referring to the relative
degres of impeirment In the rapid and slow escents, particularly of the stetisticel
significence of their differences (cf. Tables 12 to 15 inclusi%e). These dif-
ferences are very striking in certain of the psychologicel tests at 16,000 feet
{ef. Teble 20) particulerly in the "unfit"™ group contrested to the physieelly
"fit" group.

These findings relative to rate of escent have peon verified by
Graff* in Germany in & study with animels (mice) &t critical eltitudes in a low
pressure chember. He found thet the critlical level of 12,000 maters &t an ascent

of 1,000 meters per minute was displaced upwerd if the pressure was lowered slowly.

I"Grlau‘.‘l‘.‘, W. D. Altitude stebility es dependent upon rete of ascent in animal
experiments. Luftfehrtmed., 1l:351-254, 1937.
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irmstrong end Leim*, on the other nend, in similer experiments at criticel
+1titudes (EB,OOO feat) obtscrved thap with rebb;tsrthe facster the rete of escent
the higher the cltiltude tolersnce. These experiments with snimele &t critical
eltitudes between 30,000 to 38,000 feet, however, zre not directly epplicible

to the responses of humen subjects to moderate altitudes of 12,000 t5 18,000
feet. In this invesztigetion under slmuleted altitudes of 10,000 to 18,000

fest, a5 well ac under actusl flicsht conditions to moderzte unltitudes, both
passengers and aimmen appesred to acclimstize more successfully during slow
ascents (49),

1II. The Cumuietive Effecte of High Altitude, i.e., the Length of Fxposure
in Reletion to Deterioration, or, on the Otker Hend, to Acclimetizetion.

It is quite difficult to dréﬁ conclusions from the evidonce which
1s avellsble deeling with the cumuletive effects of reduced oxygen pressure.
Tre problen i& complicated by the fect thet et moderste altitudes of 8,000 to
12,000 feet one mey contipue to lmprove during exposuree of 10 to 12 hours!
duration due to the mecheniems of scclimatization while st high eltitudes of
15,000 to 18,000 feet, over similer periods of exposure, the mechenisms of
aéclimatization mey be inadequate to compensete for the oxygen leck &nd con-
cee_ uently deterioretion may set in after sn hour or longer. From the experi-
ments which are aveaileble tlus far the evldence seems to indicets thet the
sVversge person cen become ecclimptized to 8,000 to 12,000 feet while sested
quietly in en meroplene (or in a chember at sea level) for 6 to 12 hours, »kLile
exectly the opposite is true et 16,000 to 18,000 feet. Several experiments

msy be mentioned to support this view.

*irmstrong, H. G., end Heim, J. W. PFactors influencing altitude tolerince
during shor%t exposuree to decreese¢ bercmetric pressures. Jr. Avistion Medicine,
9:45-56, 19380
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During the trana-~Pasific flights the passengers and airmen mein-
tained a high degrees of mental and physlosl efflcienoy, 1.e., there wers no
measureble gigns of oumulative deterloration (49). ©On the other hand, two
of the same subjects in both experiments manifested objective signs of de-
terioration rather than aoclimatlzation after six hours at 17,000 feet in
the low oxygen ohamber at the Harvard Fatigue Laboratory and alao after 4
hours in the low pressure ohamber at Wright Fleld. Just as Baroroft waa
#howing marked algns of deterioration following his alx day sojourn in the
low oxygen chamber at gimulated altitudes of 18,000 feet, 8¢ wers the sub~
Jeots in the low oxyger room at the Fatigue Laboratory quite uncomfortable
after asix hours at 17,000 fest. A8 mentioned above, one physician asollapsed
after four hours and a second one was mariedly affeqted after 6 hours at e
similar altitude, not regeining complets rationmlity for some hours follow-
ing the experiment. 1In the Andes ang/ighor mountainous reglons thouseands of
peraona beoame acollimatized to saltltudes of 8,000 to 14,000 feet and, as
observed by the Chilesn Expeditior over 150 miners, many of them from the
lowlends, were able to bedome moolimatized so as to live at 17,600 and work
at 19,000 feet, Thege miners, however, were unable to live pormanantly at
the mine at 19,000 feet alnoe they were unable to sleep and scon showed
mer<ed signa of deterleration (38, 44). Likewise, on the Expeditions to the
Himalayas the olimbers have foumd that although they ocem live for a number
of woee'zs or months above 20,000, definite aigns of deterioration ere mani-
feasted sooner or later and they are foroed to return to lower altitudes.

A dlagram showing the effects of altitude in relation to length

of expogure has been drawn in Flgure 48 based upon the limited smount of
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experimentsal data aVailable. It ghould be kept in mind that these ourves

ars very approximate.
IVs The Way in Whigh the Physiocsl®Charasteristics of the Individual Mey In-

fluenge the Reaponge of the Orgeniam to High Altitude, Espeolally Ame,

Phyaigal Fitneas, Emotlonsal Excitement, or Paychoneurotio Behavior and

Aloﬂholn
Ages The experiments reported sbove dealing with the regponge of

a large group of subjects olasasified ms to age indloate that there' are sig-
nificant differences in cardio-vaseular responges, One of the most airiking
differences relatea to the faots that there was a tendenscy for less axtreme
inoreases in pulse rate with inoressing age. That 18 to say, Just as Rob-
inson and Dill obgerved that the older g subjeot becomss the leas the pulse
rate can be slevated in maximum work on the treadmill, 20 with cxygen depri-
vation the older the subjeot becomes the lesa the pulse rate 1s inoreassd.
This indicates that the ¢irculatory mechanisms of. adaptetion become more
stabilized or leas flexible with lnoreasing age. of. Flgure 36, Although
it may be diffioult te draw oconclualons aa to whether thia ia & good or poor
sign -5 azolimetization, we abserved thet the older sub jeots were less gua-
geptible to sudden collapee or falnting than the youngeat subjests of 17-22
years of age. G(oeneral observatlona on the alr lines tend to verify these
oonclugsiong in that meny subjeots over 45 to B0 yeers of age fly with very
few symptoms from the altitude alone.

The differences in bleood presswure were not so airiking es in the
pulse rate. On the average, howsver, the age group 45 to 70 years showed

an aversz® tendenoy teward an elevated systolio and diestollo bleod pressure



during the second houwr. of, Figure 37. The differences between the verious
age groups Iin the partlal pressure of alveclar oxygen and oarbon dloxide were

not significent.
The results from the psychologioal teats indicated that although

the older subjescts tended to be pscrer, on the average, in the control exper=
iments the relative impeirment due teo the redused oxygen presgure wWas not
gignificent beaed upon the relative ghange from a oont;;l index = 100. of,
Tables 12 te 16 inclusive.

An extensive investigation désling with age as & Variable in re-
eponse to redused oxygen pressure has reocently besen carried out in Germany
by cchwertz.* The £37 subjeots were studled in & low prﬁuura ohamber,
The findings, in genersl, were similar to those from this investligation
-stated above, namely, that the older'aubjeotl ;hnod more stabls cerdie-
vesoular redponaes to oxygen deprivation or altitude than the younger onea

and in general were less susoeptible to ocollapse or fainting.

Physical fitness and psychonourotic behavior. There are wide var-

" iationa in abllity to tolerate redused oxygen presswre based upon the physi-
oal oondition of the person belng studled. Mm a nunrber of oocasisong when the
subjeots came to the laboratory for the experiments following e night of 7
1imited or disturbed sleep or with definite 1llnesses, such as the grippe,
headaohes, or indigestion, ths responses were peroo-pta,bly poorer and more
extremse, In oontrasting the responsea of twe groups of studenta, i.e., s
physierlly "fit» group and an ™unfit» group there were aignif!éant differ-
ences in both the repid and slow ascents in the pgsychaloegioel tests, of.

Table 22, es well as the physiological tests, af. Table 21. Prastioally all

*Sehwertz, W. Der EBinfluss des Alters suf die Widenstendsfehigkeit gegen
Smuerstoffmengsel. Luftfehrtmed., 1:29-43, 1936.
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of the subjects in poor physleal condition eollapsed or epproeched collapse
during repld sscents to 16,000 feet. Only two of these subjects, however,
collapsed durlng slow amscents to similar sltitudes. Only one of the poorer
subjects collepsed following a rapid ascent to 12,000 feet.

Pessengers with marked respiretory or cardisc defects should be
diascouraged from high altitude flying beceuse of the possible harmful effects
from the reduced oxygen pressure, A number of casses Lave been reported in
the litersture suggesting that oclinlcal syndrones such == malarie snd tuber-
cular disorders may become more sccentuated, Alihough 1t has been suggeated

that the aversge cardiec petient who cen walk cen slso fly, the eltitude

should be restricted in patients with decompenssted coronary dlsease so B to
avold any serious effects during or after the flight. The average cardisc
petient is not apt to collepse during e flight, &8s witnessed by the fact thet
80 few have sctuelly died on the commercisl seir transports. It is known that
under certain degrees of oxygen deprivation coromsry vasodiletstion occurs,

1n which case it mey well offset, in part, at lemst, the unfavorsble effectis of
high eltitude,

The average pessenger who becomes too emotionally excited or the
one who is suffering from en impalrment of the autonomlc mervous system is
apt to respond to a reduction in oxygen pressure very poorly indeed., We ob-
served that psychoneurotic patients from the c¢linic who were under constant
emotionel stress and who complained constsntly of fatlgue snd exhaustion
were more susceptible to collepse when suddenly placed in simulasted altitudes
of 18,000 feet compared with control subjeets. This is in line with a pre-
vious study by MoFarlend mnd Barach (47) in which they reported that 70 per
cent of a group of psychoneurctic petients collapsed when suddenly placed-

in simulsted altitudes of 20,000 feet compeared with only 14 per cent of the
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aontrol subjecta. cf. Figure 49, In thisg investigation the bioshemioal
ohanges in reduced oxygen pressure were ingignificant in the peyohoneuroctic
ocompared with the control group {(¢f. Table 29). The neurc-ciroulatory re-
sponses were significasntly different, however, as manifested in more extreme
reactiong 1n pulse and blood pressure, of. Tablea 26 and 27. This obzer-
vation i3 in line with the findings of 3Johnelder (54) who foumd that pllots
who tested below § 7 in the Sclineider Index were unfit for altitude flylng
and of VoFarland and Huddlaaon;fﬁg found thet large groups of paychoneurotic
patients made a mesn score of £ 7 or below in this index compared with f 12
for an unselected group and £ 14.6 for aollege athletes. of. Figure 50. It
is quite poasible that those individuals who are under temporary or chronlc
emotlionel strees are apt to ecolimatize poorly to a redustion in oxygen pres-
sure slnoe the nervous meochsnisms invelved ln adeptatlon to oxygen lack are
renported to be somewhat simllar o the ones involved in emotional experlences
(sympathetio nervous aystem). The results of these invegtigatione tend to
substantiate the general observations of pllots that paBsengers who aore es-
reclally ‘mervous® or emotionally excited are apt to be affected mdversely by
high altitude.

Alcohol. Althoﬁgh no syeclal studiss have been mede in this inves-
tigation of the effects of aloohol on the average passénger under reduced oxy-
gen pressure, some evidence 1s avamllable whioh indicates that the aotion of
aloohol ig greatly accentuated at high sltitude. @n the Chilear Expedition
(reference 7) it was observed that the blood aleohol rose more rapidly and
reached a higher level at high altitude (17,600 ft. and 12,000 ft.) than at

gseg level. of. Figure 51. If Peters and Van Sly%e are correct in classifying
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RATE OF OXIDATION OF ALCOHOL
AT SEA LEVEL AND HIGH ALTITUOES

FIG. 51

Grams of alcohol per 100 co. of blood following
inpestion of alsohel; dose approximately 200 co. of fluid
containing 100 es. of ethyl alcohols. Altitude 17,500 feet,
and 12,200 feet.
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hiato-
alcohol as & / toxic snoxia, 1.6., an oxygen lao'c dus to the failure of the

tissues to be ablé to utilize the oxygen once 1t 18 delivered to them, then
at high altitude ome would be subjsct to the effects of both a reduction in
oxygen f¥om the aimosgphere and from the alochol es well. Thisg avpsars to be
subatantiated from the obgervations of stewardesses on the oommereisl air
line plenes that those who reasot to altitude most aeverely as manifeated by
exoesgive sleeplnesa, hwadachea, or nauses, have indulged In sxocessive smounts
of aloochol previous to the flight, The aversge passenger should he discour=-
seged from the use of alcbhal previous to flying end the implications aréd ob-
vious for the pilota who are In control of the aerecplens.

Ve The Role of Qarbon Dioxide in Faoilitating Acolimatization to High pAltitudes,

ome of ths most important effegts of a redustion in oxygen preasure
at high altitude ia to bring about variailons in breathing and an alteration
in the deliaate balanaes of the alveolar cxygen and garbon dioxide. Numereous
expsrimenta, notably those of Y. Henderson (30, 31} have shown the beneficial
sffects of exoess amounts of carbon dioxide in ¢linica)l syndromes involving
rospiratory failurs. In the sxperiments desc?ibed above in the low oxygen and
low preasure ghamberas with and without sn exoeas amaunt of carbon dioxide (3.0
per cent) the benefloial effects were very siriking. In three different ox-
perimentas the parti;l pregsure of the alveolsr oxygen, the per cent of the
alveolar oxygen, the per agent gatwration of the arterial blood with oxygen
were significantly inoreased and there was a distinoct improvement in the pay-

chologiosl tests., of, Tables 31 to 41. No unpleasant effeots were exper-

isnoed with §.0 per oent carbon disxide in the inspired alr at aea level,

The results indicate that thig amount of carbon dioxide in the inspired air



glve rise to an incressed pulmopary ventilation and & arealzor saturation
of the arterial blood with oxygen which lowered the altltude by approxi-
metely 5,000 feet. Tﬁese findings suggest that an sccumulaticn of 2 to 3
per cent of carbon dioxide in the fuselage of an meroplapne might prove

to be of practicel significance in greetly incrsasing the pulmonary venti-

lation.

VI. Interpretetion of the Effects of High Altitude on the Human Organism.
The important fector in high altitude which ceuses the abnormal

symptoms 1s the diminished partial pressure (or concemtration) of atmos-
pheric oxygen end the consequent decrease of oxygen in the alveoclar air
and arterial bloo&. In general, the effecte of reduced oxygen pressure are
epproximately the seme whether they are brought sbout im & low oxygen

or low pressure chember or during flights to high altitude in an seroplane,
provided the rate of ascent, the length of exposure, and the physical
charscteristics qr the individuals are comperabtle. On the average, there
1s a significant amount of impamimeent in behbavior, both physiologicaily
and psychologlcally when tﬁa partial pressure of oxygen in the alveolmr
alr drops to approiinataly 50 mm. and the satnration of arterial bloocd ia
as low as {roughly) 85 par cent (epproximately 12,000 feet altitude). It
should be kept in nind,-hnuavar, that oxygen lack hes profound. effects
throughout yha organiasm and that thers 1s apparently no 'single mechenimm
of ncclimﬂtizatioq or_outatanding Bigniticance.

It may be tentatively concluded from these and other studies of
the effects of reduced oxygem pres#ure that the impairment in paychoiogical
functione may be attributed to the alterastions in both the oxygen and
carbon dioxide; or more specifically, to the diminished partial pressurs

of oxygen in the arterial blood being delivered to the nerwvous tiﬁsuo.

This psychologicel chenge ie probably cellular in origin, rether than due

4 al+-vetian -7‘|r| el 1lakd - in' gy 4+ - - -+ r* t A~ loti- of
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unoxidized metabollie product.. It is known from previous investigations
thet the alterstions in the circuletion (16,28} or in the body tempersture
(40} must be more extrene than those which cccurred in these experiments
to brimg sbout an impsirment in sensory or mental funetions (22). Nor

zan the loes 1n efficieney be attributed to the accumulstion of lactie
acid or other unoxidized metabolie products in the blood (Chilean kxpedi-
tion, refs. 11}. The vesomotor reactions kmown to occur under diminished
:iygen pressure produce vasodlilstetion end increesed blood flow to werious
centers of the brain (£3,39}. But the increzsed blood supply cannot fully
compeneete for the reduced oxygsn sunply and es £ result the amount of
oxygen reaching the cerebral tissue 1s reduced snd the carbon dioxide ten-
slon altered (58,59). The final result is & diminished amount of oxygen
being delivered to the bruin, the cortical elements (or more complex men-
tal fundtions) being more sensitive to oxygen lack then any other part of
the central nervous system (16,24]. The most importent abnormal symptoms
of high altitude under 30,000 to 35,000 feet, therefore, can be eslleviated
by the meintenance of & normal partisl preasurs of oxygen (159 mm. Hg} in

the insplred air.
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