JAMES G. GAUME, M.D.
CONSULTANT IN HUMAN FACTORS
1517 ESPINOSA CIRCLE
PALDOS VERDES ESTATES, CALIFORNIA 90274

(213) 375-6607

August 31, 1981

Carroll E. Dubuc, Edqg. ;
HAIGHT, GARDNER, POOR & HAVEN
Federal Bar Building

1819 H Street, N.W.
Washington, D.C. 20006

RE: FFAC v. Lockheed Aircraft Corporation
Your File No. 2041-1278-2S5

Dear Mr. Dubuc,

In accordance with your original request, I have reviewed
the testimony given by Dr. Busby in the Schneider trial, in which
he stated that, as the editor of selected published papers in the
Proceedings of the XVIII International Congress of Aviation and
Space Medicine, it did not mean necessarily that he agreed with
the concept of the "Time of Safe Unconsciousness following Decom-
pression," which I proposed in that paper which was published in
his "Proceedings." Other knowledgeable aerospace medical experts,
however, did agree with the TSU concept as it was presented in
1969. Apparently, at a later date, when he was at the Civil
Aeromedical Institute in Oklahoma City, OK, Dr. Busby saw fit to
consult me by telephone regarding the experimental design of alti-
tude chamber experiments, which he was planning, on the ability of
female flight attendants to perform physical workload at cabin
altitude and during a decompression and the accompanying hypoxia.
His results were later published in Aerospace Medicine.

At a later date, you requested that I perform my own calcula-
tions with regard to three factors involved in the C5A SN68-218
crash in Saigon on April 4, 1975:

1) The injury potential to the orphans involved in the crash
landing and deceleration of the C5H5A aircraft:

2) The significance of the total pressure change and rate of
change during the decompression from 5,000 ft. to 23,500 ft.;

3) The import of the hypoxia resulting from the decompression
on the passengers in the troop compartment.

Also, you requested that I review other testimony, documents,

calculations and statistics which you supplied to me. I have
researched these data, performed the analyses and calculations, and
hereby submit my report in three sections. For Section A on decelera-

tions, I asked the assistance of Mr. Roy Jablonsky, P.E., a recognized
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FFAC v. Lockheed Aircraft Corporation
Your File No. 2041-1278-2S

expert on accident analysis and reconstruction, to calculate the
G-forces involved. I also asked him to calculate the G-forces of
selected amusement park rides which impose G-forces in the same
direction on the rider as those imposed in the decelerations for
the occupants of the troop compartment. His calculations are very
close to those of John Edwards'. I have examined both calculations
and I adopt those of Edwards and Jablonsky and base my opinion on
those calculations.

Section A of my reports deals with the decelerations experienced
by the occupants of the troop compartment.. Mr. Jablonsky's calcu-
lations for the G-forces imposed during the amusement park rides are
also in Attachment A-1. As you can see, the G-forces for the rides,
experienced by literally thousands of amusement park patrons every
vear, are far in excess of those felt by the occupants of the troop
compartment. In my opinion, the G-forces imposed in the G, (vertical)
or the Gx (horizontal - transverse to the long axis of the body) were
not injurious to any of the orphans in the troop compartment, seated
in rear-facing seats and fully supported by the seat-back and restrained
adequately by seatbelts and pillow padding, to a reasonable medical
certainty.

Section B of my report considers the total pressure change, and
the rate of change, experienced by the orphans and adults in the
troop compartment. Attachment B-1, from the book Aerospace Medicine,
by Armstrong, a recongized expert in that field, states that the
pressure change 1is not responsible for the physiological effects of
decompression, but to oxygen deprivation (see Section C-Hypoxia
Effects). In my opinion, the total pressure change, the rate of change,
and the duration of change, did not produce any harmful, lasting
physiclogical effects, to a reasonable medical certainty, on anyone
in the troop compartment.

Section C of my report analyzes the physiological effects of
the hypoxia imposed by this decompression, and details the reasons
why no significant effects were endured by those subjected to the
event. Because of the compensatory, protective mechanisms inherent
in the human body, in infants as well as in adults, the increased
blood supply to the brain prevented any brain damage, to a reasonable
medical certainty. Attachments C-1, -2, -3 and -4, provide ample
support for this opinion.

I appreciate the opportunity to be of service in this matter.
Should additional assistance be required, please feel free to call,
on me. T

Sincerely, .

’éém,e,//\/ %jqﬂv$7/£

’”/James G. Gaume, M.D.

N Human Factors Consultant



JAMES G. GAuME, M.D.
CONSULTANT IN HUMAN FACTORS
1517 ESPINOSA CIRCLE
PALOES VERDES ESTATES, CALIFORNIA 90274

(213) 375-6607
REPORT A

ANALYSIS OF THE ACCELERATIONS INVOLVED IN THE DECOMPRESSION
AND CRASH LANDING EVENT OF C5A SN68-218 ON 4 APRIL 1975

During the very rapid decompression and the descent to
the ground, there were no significant ‘accelerations. At first
touchdown of the aircraft, the rear main landing gear wheels dug
three feet into the soft ground and were wiped off, but the
impact was barely noticeable by those in the troop compartment
and in the flight deck. The aircraft was in contact with the
ground during this touchdown for a distance of approximately
1100 ft., then became airborne again, flew 2700 f£t. through the
air and contacted a 5 ft. dike at the far edge of the Saigon
River. The front wheels of the main landing gear passed through
the dike and were wiped off. Again, the impact was barely
noticeable by those in those same compartments. The aircraft
then settled into the ground, slid for some distance, at which
point the troop compartment separated from the fuselage, the
plane broke into four main segments, each going in slightly
different directions. The troop compartment traveled a total of
2012 ft.before coming to rest, right side up. The average G-force

experienced by the people in the troop compartment was 1.6 G

b
-

transverse to the bodies of those in the compartment. This is
about twice the G-force felt by passengers in a jet airliner as
it accelerates down the runway for a normal takeoff, and is in

the same direction on the body as the G-force experienced by those
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Analysis of Accelerations
Cba SN68-218, 4 April 1975

James G. Gaume, M.D.

in the troop compartment, from front to back, or +Gy.

These G-forces are considerably lower than those
experienced by riders of a number of amusement park rides.
For example, a ride called the RéTOR is a vertical, 14 ft.
diameter cylinder containing a floor on which people stand.
The cylinder (cage) is spun up to a maximum of 35 rpm, and
the floor is dropped down 3 to 4 f£t. The centrifugal force
flattens the rider's back against the outer wall of the cage
and is strong enough to keep him there, and the G-force is
calculated to be 2.89G's. Another ride, variously called the
ELECTRIC RAINBOW or the ROUNDUP, contains the cars on the end
of a 20 ft. arm which rotates around the center hub, moving
up and down as it rotates at a miximum of 15 rpm, producing a
force on the passenger of 1.53G's. Another ride which puts the
car through a loop the loop, starts the ride with a catapult
thrust producing 4.5 G's on the passenger. All three of these
rides apply the G's in the same direction on the body as the
1.6 G's experienced by the orphans and adults in the troop
compartment in this case. The beginning of the loop in the last
ride mentioned produces a vertical G-force of 6.2G's, and the

average vertical G at the bottom of many of the newer roller

1

coaster dips is well over 3G's. (See Attachment Al)
The catapult on an aircraft carrier which launches a

jet fighter applies 5.57 G's to the pilot, which is 3.45 times
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James G. Gaume, M.D.

the average 1.6 G's felt by the occupants of the troop compart-
ment.

L/Eémes G. Gaume, M.D.
Human Factors Consultant
30 August 1981




ATrACHMENT A-1

R.D.JABLONSKY, INC.
CONSULTING ENGINEER
POST OFFICE BOX 672
ALTADENA, CALIFORNIA 91001
798-6100 - 68l-8444

August 31, 1981

Dr. J. G. Gaume
Palos Verdes, California 90274
Re: Deceleration Analysis

C-5A Serial No. 68-218
April 4, 1975

Dear Dr. Gaume:

In accordance with your request, an analysis has been made
of the data which you furnished which described the descent
profile, flight information and crash scene information concerning
the crash landing of the C-5A, Serial No. 68-218 which occurred
on April 4, 1975, The purpose of the analysis was to determine
the probable level of the accelerations experienced by persons
seated in the troop cargo compartment. The analysis considered
the descent from an altitude of approximately 23,400 feet to the
point of first contact with the ground as one part and as a second
part the trajectory from first point of contact with the ground
to the point of rest of the troop compartment. The information
which you furnished and upon which my analysis was made is herew%th
attached as Appendix A,

According to the altitude time history supplied in graphical
Eorm the aircraft descended from an altitude of approximately

23,400 feet to approximately 600 feet in approximately 15 minutes.
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During this interval of time there were fluctuations in the descent
rate. To determine the vertical accelerationsiexperienced as a
result of the recorded fluctuations in descent rate the incremental
variations in vertical velocity, vertical acceleration and vertical
rate of onset were calculated. From a study of the altitude time
history curve a time interval of 7% seconds was selected as a basis
for calculating the velocity, acceleration and rate of onset from
the available data. Using a shorter time interval as a basis for
calculations would not have yielded any more meaningful information
from the graphical data available. The results of this analysis
showed that the maximum vertically up acceleration experienced was
approximately 10.7 feet per second/per second (0.33g) occurring at
approximately 8,900 feet altitude and the maximum downward acceleration
experienced was 14.22 feet per second/per second (0.44g) occurring
at approximately 7,800 feet. The maximum rate of offset experienced
was no greater than 0.lg's/second. The results of these calculations
are herewith included in Attachment 1. This attachment sets forth
the numerical results as provided by the altitude time history curve
at 7% second intervals. In addition to the vertical velocity,
acceleration and rate of onset the tabulation also provides the
total atmospheric pressure and the partial pressure due to oxygen.
These pressures are given in millimeters of mercury. The altitude
pressure relationship was based upon standard atmospheric condit;ons.
The partial pressure due to oxygen is based upon an oxygen percentage
of 20.95.

Between the first and second points of contact with the ground

the aircraft traveled a total distance of 2,700 feet. Reportedly,



R.D.JABLONSKY, INC. Page 3
there was no significant change in air speed (310 mph - 455 ft/sec)
between the first and second points of contacf with the ground.

At the reported speed this distance was traveled in approximately
6 seconds. It is my understanding that the engines could not be
effective within this interval of time. Thus, between and including
the first and second points of ground contact to be consistent with
the constant air speed no significant decelerations were experiénced.
The wreckage diagram depicts the section of cargo floor coming
to rest at a point approximately 1,400 feet from the second impact
location. Reportedly, at 1,200 feet from the second impact location
break-up of the aircraft occurred. Thus, the troop compartment
and the cargo floor decelerated at the same rate from the second
impact position to the point of break-up (1,200 feet). As previously
noted the cargo floor moved an additional 400 feet. The troop
compartment moved an additional 812 feet (2012~1200 = 812). From
this information deceleration rates from the second impact location
can be calculated. The analysis shows that during the 1,200 feet
from second impact location to the point of break-up the average
rate of deceleration was 74 feet per second/per second (2.30g's).
The time elapsed to traverse this distance at the computed rate of
deceleration was approximately 5.69 seconds. At the end of this
time when break-up occurred the velocity had decreased to 172 feet
per second (117 mph). From the point of break-up the troop -
compartment traveled an additional 812 feet to its point of rest..

The constant rate of acceleration necessary to traverse this

distance from the speed of 172 feet per second was approximately

18 feet per second/per second (0.57g's). The time for the troop
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compartment to traverse the final 812 feet based upon the average
deceleration rate of 18 feet per second/per second was approximately
9.44 seconds. The calculations yielding the above-mentioned figures
are included in Attachment 2.

The vertical acceleration rates experienced during the flight
descent and the horizontal deceleration rates experienced after
ground contact were compared to accelerations and decelerations
in these directions by thrill ride apparatus commonly found in
amusement parks. Several different types of rides were considered.
In the typical roller coaster at the bottom of the dips between
2.5 and 3g's vertical acceleration is experienced. At the top
of the curve the negative acceleration is usually approximately
lg. Due to the vertical radius of curvature of the track and the
speed traveled the rates of onset are usually in excess of 3g's
per second.

An amusement ride cohsisting of a 14 foot diameter cylinder
which turns on its vertically positioned axis at a speed of 35
revolutions per minute the floor can be lowered after the speed
has been reached. The centrifugal force causes the occupants
to be forced against the inside wall of the cylinder. The force
is sufficient such that the frictional resistance will prevent
the occupants from sliding vertically downward. Thus, the floor
can be lowered and the occupants are held against the wall of thg
cylinder as a result of the centrifugal force. The centrifugal '
acceleration developed results in 2.89g's. The duration of the

force is usually more than 60 seconds.
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CONSULTING ENGINEER

In a roller coaster-type ride in which the track makes a complete
vertical circle the car is accelerated to approximately 4.2g's
reaching a speed of between 50 and 60 miles per hour within a distance
of approximately 160 feet. This section of the track is horizontal.
Thus, the acceleration is in the direction of travel. 1In traveling
through the vertical curve the centrifugal acceleration attained is
6.59's.

In a ride in which the occupants sit in a car located at the
end of a 20 foot radius arm the arm makes 15 revolutions per minute.
There are several different varieties of this type of ride. 1In
some instances the car will oscillate in a vertical plane and
in others the oscillation of the car will be in the horizontal
plane as it rotates. Thus, the occupants will experience the
cnetrifugal force through an infinite number of horizontal body
positions. Typically the centrifugal acceleration for rides of this
type is 1lkg's.

Calculations based upon several rides found in amusement parks

in the Southern California area are included in Attachment 3.

CONCLUSTION

The dynamic forces experienced by the occupants in the cargo
compartment during the flight descent phase were probably less
than those necessary to be sensed by the occupants. During the

crash-landing and the deceleration of the aircraft to the points of

rest the rates of onset and the deceleration levels reached by
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the troop compartment were significantly less than those experienced
in thrill rides commonly found in amusement parks.

Respectfully submitted,

Registéred Professional Engineer
California License No. 3775

RDJ/dh






AFT PRESSURE

FLICNT 0Ecs—,  TORCURD TROOP CCRIPPATIENT /-TUW CARCO EWVELOPE . r’m TROCP OCLPARTHENT BULKHEAD
: fﬂ o 1 L@ Y /@' ?il'—' = 1 FEL - . JV /A : -—._ SLOFTC TOROUE | l |

1". VAAAASARSE N AN R SR RN ) v - Q‘G&iﬂtﬁh~:1- E%:I%L _TV‘ T iA . ® '
/| b ATEDOF 3 : = ;
/ CARGS FLOOR 33 CARCO FLOOR . . .
0.. ] - 13.4" 1

L sﬁz:mz::s e PRESSURE 000R

RERNENNNAR ], ! 3 L RS AFT RU® é?’

ORNO0) VIKH TELL ‘



APPENDIX A




For Roy — CS5A  Crosh —Lfm /975

/ szSp¢d @ /57‘ %wﬁgéw” = 717061/{5/3/0 W,‘é)
' @ 2nd “ = 270 Lok

A, Dr.scerﬂ/ /’&7/ /,.//ar /s ‘(./9'?) < Jo0 -6D 7‘3(/»,'7

%-_/9/( o/ae /6 dir C‘(.(S/)/Jq/?ﬂqq(/ eé’é&um‘/ V/ﬁ?

13 /Sf*'vtj rEor i [Imeling gear oy K

m/p gro55y f/?mo/ o/ea/!/éédty ,4'05 e, (6, am?)
yolled o skided 1000 /4 ¢ become amém cf iimbec]
av[ /2° .Drz;/e #/J/f//fO/ 27&0/4 v /m/aoc/r\/ q//ée
04 Fbr side a/ river, /o;)l rEr i /g.,o/,sy/,.r

O s m

’7/ 02,7 %ﬁﬁ?n‘ Front /’7./7, cut Fhre 3 Hi W+

3 /4//6/49/4 L(//‘ =

WJ' O//kf 07 /[Dr side of ricer V wex w'fﬂ/
off Ak . No poi derve e Gy, Dccelerotias
o9 foont m/yl ¢y 17/5/)&”4#/. A/ Canlockd
j/duoa(//:(z f)\/u/) ¥ A o/a./t /Md,ﬁ/ where
it Ly she vt 4 mger sechans — féaa,a c*ryf
Fligh? Je(/ wng , o Faid - S'w//c‘r secyrs
.af Corgs cm/af 7ro vep da*w,o/ o Sn o s K
oF U2 f ffer Andd  fruch dawn,

i

——

-

é, 7;00? C’;»/PJ/f/’ﬂ?(ll?/ 0’/7Z - Unkrowr;



»

!

0. LOES 4

i

i

iHiilis

iy ol e

4 b4

i

ittt {piieantiingi 7
¥4

H

et

it frat

208 RSy ot dndhd

A

i

H e ..won.wAullM ~_
= i WJ —

\""._

Hi
4 5;;

o

g

T

1 lowbade

204

o]
2. Mm PEP,

P M Pl
w

2
’ - [0

--

[LLAAN |

)

wries  ( Bppraw)
1'7(( nw )

/
A

1 MNon /£

400 £,
/ 03T f
» /n ]

’

= R

~F Auv) s
rn/e) -

9
5

Av. Descent Rale



\ HIy
\ il
. _..._.
. HREH
I n _ |
N
28!
: j
Hm;,
i i
HitifH
| |
.,...__W.
i
s
1RIAL
| At
_m
HHEE ; 1t
_.
' | _
| | il
NI | [l
i | 1l 1 ] “___




8
N
Ny
?
N
Lo

AN

/o
201-7}7'78‘7‘?

From \/ » 'm/j

F52009-
Fs.
FS /19c4 5.2100

/ Fi 1o ‘
(‘"?3'6\1# )\ /116

A.: |2 6 2 G SOUARE INCPES ﬁ)/
A‘L 21T ST SQ 1meufs ({957/ -

\Uslormre - 2 510 S0t Cus. /Nst_s'.”-(}'ﬁcup)

SR T Tk~ e

"



‘f,‘[’. AN EFPUWACDS

@ LRIl ZECT/0MN AFEA
AT o i -Gl
23 /40 <5 (et ?)

(3" OEEP Feary

Ww.il3id

/43 R

{/m /98
v T |

e I

-

¢ CONSTANT Fs S24 v ra.e

/‘V

(8

DELL CL I POFT M T




TLL.252-727- A9 A F 20 -657-8

SIDAN JENES
ceam  JowN £DAFTDS

/'," \
F.5.992 ., _
Fs87e WL 3/8
F.S, BO4 ‘ , ~
. FS.a23.85 , 2\
. W
Fs £24 !
NN Y )
45/‘4\ - Ny N > B
27 “f\ L\\ \ N7
\\ \ \\\./
//\, \\‘\ -
N
/

~ 1) Lrized AprA
Y' .~ (ALTLEY PRERE..'. HR!F

) APPROX 4515 INE
LFENTNGS .

—

o Corar
- FDLDING oooz\
20" x T7785”

/&/&f’

1“,‘

C-58 FLIGCHT STATION

[ ] - - - -

e £ WL R RTIER E s toa o 4

S c e ki d e W a i



ATTACHMENT 1




YALE = O
VsTiul velodly , AccelsaaTion 4 fkae oF
oN Se;r GledaTion From Amtune HheTony OF

Swe bR- 13 . (Upd ef T W €owarhs
NOMGeial DifEstswT ATows BT Word 1.5 SEeonp Time T
( Minus  TODATES JEAT 4 LLN up)

Y Y TimE

ATTUnE  JglouTN AccelsuTion ON Sct K7,
FOWWUTES  .S€conays FeeT F-T/QEC. ‘F‘T{S cc 3 /SGC
- I & 23 300 —G.67 -%4 r—_—
A3 0.5 1% %0 - 6.67 o C.oou
a2s IS 0 23 doo0 \3, 3y .07 0.0\
58 2.8 233 60 40.00 ‘ 3.5 O. oo
So 20.6. 23000 20 61 “'1'3 0.0
63 . 1.5 . _22%00 4 0.00 L8 0.0\
< 4S.0 11£ 00 26.67 =172 O.ol
.33 g1.¢ 272300 3. 33 2 g c.ov
l.oo ©0.0° 2149 00 1333 —-5.% D.o4
.13 1.5 21 Yoo 26. 67 (.18 ©.\0
t2¢ 1.0 2lboo 206G ° 0.009
I»g 81.¢ ti4dvo 53,33 3,55 0.01
{.So 90.0 2 000 2667 -3 ¢S 0.0
6> al1.5 Lofoo A 5.3%% O.0%
1¢ l0s.0 0% 00 43.3y 2.5% 0,001
LE¢ \r - \qboo LG 67 -3.85 0.0%
l00. hoeo . _\lao 73, 3y - 0. %9 0.0v
143 1.5 . 13580 b0.co - |18 0.0\
ALY 13s.0 131 00 93.33 4.4y 0.03%
238 s . 1400 33,3 —8.00 ©.0s5
1.0 lSoo Nlso 40 7 1.8 oo
743 1575 |G oo 13,3y 3.5% - 0,007
1€ (LSO le150 13,33 -8.00 ©.0s
18 1S lelso o —-1.7t 003
200 . (g©.©o |6iSo — 20.00 y W X o Oy
ENE \81.s lo3 oo - bl (7 b 1 0.0
3as 1945 o | 68 oo - 40 oo - 3.50 Q. o%
s TR ARTENIOE SR F TE T Iman T



Time
NI NUTT S

23%
.50
2063
375
2.88
4,00
4.1%
45
4 ¢
4.50
43
47¢
488
5 .00
c3
S.0LS
g3
S.5o
C.b3
575
5.8¢%
b.oo
b1
Ve
G.ne
L Go
bb3
67§
L 732
7. 00
T3
AN Y
T 38
7.5°
T3
725
.38

et

SECains

Plopin g
2100
7). s
2185 0
73%1. %
140 o
247§
18T 0
262 .S
100
15
185.C
241, 5
00.0
201.9
3\ S.o
33. ¢
523pD.0
337.5
245 .0
1P SN
20600
265, 5
315 0
i S
290
397 £
40535, 0

411,
4Lo o

427.¢
435,06
by o
+50 ©
4857y
4S. o
<47 §

ALTiTuDC

VT Wiy
feeT F1 /S e
. oo —-13.33
1700 (2,33
17 o0 1L &7
leq oo (3,33
1e¥o0o 53,33
1ed oo 446.L7
[0 So 2 0. o0
lsFo0 13, 33
e 8oo S3.33
I8¢ oo 20.00
1g380 2o o0
1S(00 40 0o
IN8oo Lo o0
Y650 4o 67
N3 oo tL- ©. 00
($eoo S3.33
3boo 40o. oo
123360 4. 69
X950 40. 00
L6500 2 0. .00
LS oo [3.33
| >Voo e 1
VL3go 2 0.00
1L @0 2667
iIn~000 ()
(vooo 667
W8oo (3,33
(1Moo (2.33
M, o2 S3.33
11300 $3.33
o€ ou 40 o6
loSoo 1333
oY oo 23.33
l@1So o
lelso (3.3
looso b b9
\v0 00 o

Acc T L3raTion

F"TISC‘;,"

-3 54
3. 86
V.18

—\.18

+ 5, 3=

-0.%4

- 3.%
AR
5.33

— ey

2.69
-2. 67
2,56
-0 %9
V18
-1.18
0. %1
- 0.8
- 1' h‘7
- 0.25
-0
V.18
0.2
- 3586
2,56
- {9

533

-\.98

=356

286
~ it

(7€
—0.89
-0 %4

»

Pge L oF 4

ousSsT Wa—s

7 | se=

.03
0.00"
O o\
0.03%
0. 0O\
O 01
©.03
0. O\
O
0.9 |
C. o
C.om™
O o~
O ol
0. ol

g
G

© S a0 298900 cg oo
(@)

5

-
(;'o(
0 o~
o o}
0 >
o -o!
Ool
00l



- Iﬁl\\€

mivgTes

L oo
|
<
Q3¢
?.50
g‘{,g
£
2 82
.00

Q.13

EERAY
q138

4.50
9.3

1.8
3.8¢

[@.0v
100

10.25
(D38
(O 5o
(063
1078
10.¢9¢
Il.00
({3

nys
TRY

1 50

I1.63
g
.88
1 .00
1343

13835
[}. (z)g
12.50

T T A Tone
Sy recT
48505 16000
+X7 5 o oo
40 o lo3ypo0
503.% |Oboo
5100 l08oo0
5175 | o8 oo
ShyS o oS00
S35 loy oo
5¢o.o 4700
240§ Sooo
55T o ¥T o0
863 .5 ¢goo
570 0 Qboo
719 ®Soo
535~O QSSD
591.% 1 800
boo o Tiso
bo1.§ 7050
bts. 0 6950
blm.r 6’)0¢
vict.o btto
637.g broo
64l o t0So
51.%5 S‘TOO
bbO O Sl00
o7 s S4so
61i 0 S 4o
&, < £500
b’lC»O SL{rco
e17.¢ Edoo
105.0 5300
T3S Scoo
RN 4e50
3.5 H4oo
7350 4550
T4 & 4550
180 0 4300

JelouTy
Frlsee

—13 33
=67
—4009
-6 67

40. 00
40.00
. 6
Q3. 33
1333
1334
2Ll o7
(3.3
- 6.7
| &0, oo
Ll b
13.33
(3.3
23.33
.67
é@.oo
L0.00

10400
PAZN ]
33.33

—C 67
13.33

(3.33
&0.00
Lo 477
33 .33

ve7

b 7

Tars i I3 W

R T T TS B -

Pace 3 oF 4

dcce L=aaTiong cnSe— wTs
F\T/S&b cj \ss(_
v C o
e ®)
118 o
-3 o ol
~13.56 o on
> 0.0%
© .o
3.56 o
3. 56 o ol
“lo. O N
° 0. o
g 0. ol
-\\_‘i C.ox
-7“(’,7 O.o7
1. 1A c . o
- 18 .o
-9 0 o¢
© 0. o
.69 0.03
3.8¢ 0.0l
-7» H O‘O(
-5 33 0.o¢
°© 0.ov
084 o ol
0 .34 o
~ ¥y Co.
08+ O.on
[ 0 ¢!
Vg Do
356 0 ol
0489 O o
-8 0yl
- 388 0. o~
- 08 0.0
0 € . 5



Pace 4 o 4

Tme s Agmuoe  IElocay ACCELSMATION  ONSET 47T
MoouTEs  SecondS Fec— Fr({sec T [sse™ g |sec
12.b2 7515 4roo 13.3% .84 ©.0\
0.8 6L, 4oso 20.00 EXT C ol
gy 7. < 3100 44 .07 32.56 O or-
{3.80 120 o 2650 b b7 -5.3% O OV
13,13 78 5 2650 o —-0.%n O.ov
1328 1450 36S0o o) o 0.0!
13.38 koL g 3bco o o o}

\3 50 10,0 25So \3. 3% - 119 0. 0!
13,63 T.€ 3¢50 : ©c —\\ g o o\
3as 250 245 o 13,33 \ang ' o ol
13.8% WL § 24 So o -8 O ol
I$. oo %4 0.0 oo N 0 .89 © o\
M3 LAY 35go — 20 00 3.5¢ o
4. 1¢ Q¢5S.0 3600 — b b7 - 113 C oy
14.38 £62.s 3550 CNA .13 ©.0\
\¢-5So g700 3300 33,33 2.65 — 0. o
1463 1< 18%0 ©0.00 3.5¢ - o
1I4S %350 240 T 3.33 - 0.3 C.o
I4.g¢ gNn.C 2400 .67 -y 0 oL
(5, 00 o0 .0 2350 b 67 o Co3y
5. 1> a07.5 1§50 |0 6. 67 13,33 0.0
Is.18 qi15. © 13go 26b.¢7 —10.67 0 .07
\5. 28 1305 Yoo 13, 33 b. vy 0.0l

15.5%0 930.0 SSso 233, 3 5.3 —_—



NINVET Al WwLIEL TF L TTUNT AuL O AT AL PaFeil

CRATTL o) ALT\TJLE T ﬁ"!‘iST.Dwa’ -

- ..\ - ,h
- - S 2228

qQuaP+* oF o W So4rds

Tnr T ATiTone TO®L PRPessiac DAnTIa L Prcss vas
MiNQTES Seont Tec T M g O, rmm e
o) O 23300 3o3. 59 k2. 6o
LS iy 12356 302 qy¢ b3, U
Ry \5.0 23doo0 ol (e 63 3+
3¢ 215 233 0o %03, €9 B3 Go
et 30.0 13y co0 3.5 el 3
63 37" I oo 2log by ¢
s 4y.0 171 S oo 2,14, 19 eS.&2
22 51.§ v Hoo M LR bt.3 ¢q
lioo to. 0 L9 oo YL13 3 7.53
13 b.< 21 %vo 313,70 67 2%
g 7€ 0 21l boo 36, 4 L% 39
LEY1 1.8 21doo 314,14 £L8.4¢
Ryg 0.0 2loo00 334, Po lo.¢§
1% 978 20800 239,70 7015
Blg (A 2o0%c0 %4 8% EaThYy
|-8% 1R Y \960 o0 3¢ 5.\ C Y4 to
.00 0.0 {1 oo X TN 7S99
13 \/1:15 13 §fo 370.8 ¢ 77. 65
1. | &S o 1100 517.99 79,18
1.3¢ aVRY Mdoo 329 . O\ 8l. 50
Lo 1Soo Mo 393 4g L. 4y
T | 57.5 legoo 24 %.6q £% .5y
i iy 1es.o (50 407.9v ‘65.4(73
1Y At ‘ol S 404,75 %5 83 _
3,00 180.¢ ‘bl g o o9 10 ¢sgy
2.3 187.5 ey oo 40 b, 9, £5.>S8
3~ 145 o 1o 0o 2938, b4 sy
ERY w1.$ 191 oo 243,33 WY
380 21 0.0 Ra R Y-X3 LR T €.
.63 TI.< \ 77 \60 a3 23 >y 0



Time

Tme ATTonE Tonl Pressoa e R2T4 L Pacesoas
MNUTSS SEeowD S FecT mm-H-,’ O, M 4-3
2,9¢ 7r$ o 900 L %32 g
328 133 € tT oo 345 69 3 53
4 o 2d0.0 Ldoos 4553y ¥4 .
4.3 PRV Ny o So & C. aq te ‘o
4.1 2 LLo <9 oo 413 .59 e Gy
4.3 2625 icRoe 415 .29 LT oo
455 1700 IS¢ oo vy, 0% ¥E
463 217§ lIsz280 41¢. Uy €% o
a7y 18 5s Sl oo 42,17 %9 ¢g
4.8 161§ 14300 43139 10 s8
.00 3000 16 Se aEhd 34 qi. 1o
.13 207§ 4Ly pe 49Ny a4 4
tAS S o ' 4 coe 440 .40 T3. 53
Ay ERR g 126 66 453 LS 9 ow
S sgo 230.0 2o 4549 10 qe. 18
5.63 327.g 1498 o 46$.88 T oy
S5 24 o ERA ) 47066 " as. e
ci8 E2NY S oo 471340 q99.1L%
e.00 %0.0 \-Vco 477’ 91 68
o 13 EARES 113 50 476 e 99 .93
o1y 3780 IVioo 47955 loo.47
"Ry 383 |- 000 483 .3 ¢ lo .24
b so 3400 v ooo 4833y Lol v
663 297.¢ 1 §oo 43716 ey 06
6.7 4oSs.0 [iToo 489.08 (o2.44
X { ANE Y 1100 e aq(, ol (0%. 87
72.00 4vo0.0 [ 100 “4q. q (03, 06
713 43¢ [O% 00 S0t 63 (o6 1%
118 43 8,0 |05 00 i1 7 |o7 39
133 44 jo%co Si4¢ gq lo=. %
7.80 4500 010 Si9.63 [ K <7
763 ¢35, loLo Sqeg 08¢y
128 4bJS.0 JoloY-T= gLy % 3o
788 4\ $o | o coo S1L 65 e e Se
¥ ou o lecoz Y ev lo®. T
¢.13 bg7.¢ loloo Sro b2 e o7
R T S “ =



TA&T © o=

TTme T™mE ALCTiToD E ToaL Plessine PATiaL Poesson
MwuTes SSeoub S AT M e o, mm \#
gLf 4880 10300 16 o 109,13
g 22 TRy o600 10 6o (ck 97
¢.£0 oo 1080 o S06, 63" 105 1L
£ Ermy ot oo Sce. &3 06 1V
2ag S1¥ o 0SS oo S s¢ o7 3q
258 a1 ¢ lov oo SIZ el leg 6f
4. 60 Sdo.o gooo S S o 78
9.3 C4) ¢ Hooop SR 1. (3,
94 Sgs.o 29 oo 54535 W 28
9.8 NANY §8oo S47. b 14 69
9.€o0 Slo.0 Zboo Ssleg (1S 5¢g
163 5778 £ S oo €538 6. OV
1¢ K. o 8c%o S5y 7o s 7
1.4¢ Sar. & T goo Seg.t% g«
10.c0 L 00.o 1o g3 18 . 18
10,13 bor. ¢ Joso SR G 4q LY. b
103 bis.o 6950 LN a3
10,34 by 67 oo 593,18 N L
10.So0 b%o.0 kbl o = TP 2V, S
10.63 37y bro0 bo%.y7 . b4
10,7¢ btS.o bo So b0 g 7. 3¢
10.43 bSY S Sq00 bl 3y (1L%8.0%8
ll oo bGo.o 5700 61597 14, oy
t.13 v6l g S¢So oL, sy lYay
TR ¢ LI e Sy byl Sy |30, u
ing b8y Ssoou 20 6! 130, o
I(.£o qo.0 Cdoo bry.q¢ 130
163 6q.5 S doo . 4 (yog!
Ly 710S.0 S300 WS, 9 (31, 00
.82 AR - Scoe R O, ty2 ol
L.oo 7v0.0 4650 90.Ce L3 Yo
NN R RS ddoo de 6T R YRS ;
"N VY 13S0 4350 6d 745 {35 7%
n 58 EAS o 43 So €4l g7 \35.ar8
Y AL X %oo Q?‘#?,!o o 1 99
1%.63 7571 4yroo LS.y Iy e
Noas 6L ¢ LeoSo bos o9 "2

Bi ¥ PR aemotYRUEALT



ﬁ}ﬂe
YW OUTE S

L. X%
13,00
[3,13
%Y
13 38
1% So
13.63
1%.7¢
13 .48
N} oo
Moty
4
14.3%
1% g5
1463
4.9y
1 4. g%
{S.00
15,13
\S.1 85
15,58
15.%0

TME
SCroudS

- 1L Lo

780.0

1%7.€
145 .0
Yoy o
§100
 {r Ky
g~lo
L EREAY
¢Y%o. 0
tyns
g55.0
e LY.S
g7o00
NI
¥ks.0
%91, 5
goo2. o
Qo5
9180
q31L.$

43%0.0

ALTituoe
<

2700
He S O
3650
3Lso
28 ©
3550
3 S50
3¢S o
REARY-
Hdoo
35 So
2 boo
3sso
33 oo
1 ¥ Lo
14 So
2L oo

7 350
lSso
‘3% o
goo
$So

Tota L Psgsoar

mm

LT3
bod 97

bLy-97
bby4 47
oy 17
b &7 2L
kb9 L

b&9.%0

bb$go
"N
beg,1e
bbb . Yo
bbS.%¢
e713.64
b B+78
ba¥ 9
bT6-36
°97 Gy
718 31
713 90
38 13
74501

AT 4 oF 4

4T AL s

Oyrﬂwﬁg

%9 .05
1%9 .51
(Her. )y
1393
IS EEY
1%29.74
13g. 7
140 3
'Yo,2v
Vo €
13 q.fe
th 9.9
(59,74
e oy
F¥3 %6
WS S5
I 4S.39
e (-
| So. 4¢
1S |, 0¢
\SY 67
1S6.08%



ATTACHMENT 2




YALE = O &

Decertenaton Aualyes

Fom 22 Grount ConTieT To PoivT of (e

PLane Breax P CacuRREn LO0o  From 282 G RouN
CouncT

QUL qo CompAfz:rmEu‘F oo moven ldoo' Fomn 2M° Clo ynd
Con AT o s PoinT O©OF ReeT

PLanE Vel Ouivy AT 2% Geoonin Conra T LocTmion
45g F'T[sec.. (Z‘?o Koots — 31 MPH)

BAsep vPow ComewmuT DeEceilsnaT on @aTs
\("- zas V= VJelaumy Frlsec

4= OeleleuTow Frice

O- = _\_{“ '
S S : Dewwer Er
%
o. -~ &S ¢ = 4 T = 2.30
2 ko /55‘-" 1

Tt Teoop CompramenT  SepaTed Feom THE (ardo Flook
AFTSL Tmusling \Loo' Fom 222 GrovrD CONTET LocaTiow

THE ToTul Dbtswco AUs LoD By THE 'T&_oQP C‘omPA.JZ,TmM
From 2" Grouwt CGontaer LocaTion was 2oL

THus THe Roop CompaTmewT Taavelssn T IL §AFTS~'2_
Beeac vp (rLorL = 1200) :

S

Te veloaTy of THe Taoop (omparTmewT AT POUT

oF Bnemc-up .

> + z

G =V, = 2as Np = dmpacT velooTy
Vo= Bieac o lsou

*
— ﬂ

= ey g



RBes 2of &

455 —\" = 2 v T4 x hoo

\/ 4SS~ 2% 4 v 1Lo0

17 FT[gs:c_

ol

'4
]

Ul

Cir mps)

From THe Ve louT™v oOfF

7L Fr/gee TR
TlAvsLED 3\ To

Teoop lompaTmeT

TS ‘PO\I\)T oF. RexT
a = N
Z2xS
—— b
a = A = 1211 FTisee (\0»575\
2+ 1 - . | _

TimE Yo TRoop CompartTmsSwT To

Mold® Tom PawnuT oOF
Becae vPp To poindT ©oF ey

S= T at’” . S= Dienmnee TRavelso
) K : DecelonaTiod WUTe
1= 8w -
b fR W s "KTK\__ne
t - 9.44 Secowds 3
Tme

o

L PlLaNE To Mous Fiom
locamou To PowwT OF BleraKu?P

T = oo vy S.eq Seeou::s'
74 ‘

222 Qround Cowta T

"



PAc.E Ser 4

— ST oD ‘
. TOAL EMRSD Tme FReom T §lounNd Guwe™ LouTond
To PoOTOF ﬁt‘\‘T oF —@oop C.omeg TT S ST

T =T, + *T. Ty = Toe Bemore
%Q;A'LQP
T+ 569+ 9 ad = 1S3 Secoudy
X = Tone A?Tm
e oD

Note <

THe QUeco Floot Avs  TRoop CompmTmodT WELET AT
Same TOUUARD VELouMy UP To 105TauT L oF Reeac Up,

The ™o Com}‘ou’éw‘f T Ling Ty St DisTaw e
WiLL KePlesSHT TS DecelsaTiow aTes oF T
AcaFT ot To Buakr up.



VaGe+ CF

Dsran e PBeTwEew | FREN 2_"m Qo d ConrTaeT
locamOoOd = Lhoo'

—BF‘FOG-S Beeom muwg A &DQJJS To ZMD GrounD
Con TreT LOocAT On PlLAlE SKIDpEy 100017

THs PLANSE  ums A BaNs L M co
BassH odod CowsawT %pcm oF 4S5¢C [sTe THe

TimE claposs heTwasw |3 aup 2% PoiTs ©F Gaoomt
CoNG<T LUAS

LTloco . 5.93%  3Secowd
a4 <

THE dauT wre AlBons

< 3¢ SEC.QMBS

i
\
G

M
"
n



ATTACHMENT 3




YR, e 4 oF &

AMUSEMETT Ride  Aualysls.

MoNTa TUMA S  CBys naS

‘}143 Q /
-'b-'! 1)
=

1.,__

—‘—* BC-Gomprt

L5 ConnTs

i
167" — J




the, T &~ orF T

14T = 4348 cecem

4342 = 10 gl frfsec
T

[ET IS

2g rem ( O S&rps)

. 78 see/eey
CEVTLFUGAL AccelsnaTion = N
R
N A ‘

295l = T249¢C Pr[seg"‘ = 2.34[ 3

-“-_7 . |
QQ)MD‘u | | —LO\ /’f

IS RPM
40T = f‘lji.be'f-élwmm\swns )

s Rpm e  O.T RpS 4-ScTends/ ReyotoTow

nS.el = 341 Frisec

W

gis

'J
]

49.3s  Frisecfsee = 1. B34



JAMES G. GAUME, M.D.
CONSULTANT IN HUMAN FACTORS
1517 ESPINOSA CIRCLE
PALOS VERDES ESTATES, CALIFORNIA $D274

(213) 375-6607

REPORT B

ANALYSIS OF THE PHYSIOLOGICAL EFFECT OF THE CHANGE OF
PRESSURE DURING THE DECOMPRESSION EVENT OF C5A SN68-218
4 APRIL 1975

The difference in the time of decompression between
the cargo and the troop compartments was minimal -- a matter of
milliseconds -- because of the size of the openings, made up by
the ladder well and the grille, total approximately 18 sqg. ft.
in area. When the pressure of 302.8 mm Hg (5.85 psia) in less
than one second (approximately 0.6 second or 600 milliseconds).
The total pressure change was 329.8 mm Hg (6439 psia). 1In the
0.6 second, the cargo compartment was at the ambient pressure.
However, as soon as the pressure began reducing in the cargo
compartment, the pressure in the troop compartment began to
reduce also. As stated above, the troop compartment lagged
behind the cargo compartment approximately 0.03 second (30 milli-
seconds). The total pressure reduction during this 30 milliseconds
was approximately 25 mm Hg. Both the time difference and the
pressure difference in this period are insignificant with regard
to the physiological effects, because the response time of the
body to the pressure change is much slower than the pressure
difference in that period of time. Attachement Bl,page 147, ¥

from Armstrong's book, Aerospace Medicine, states that "the

physiological effects of loss of pressurization of jet transports

~1-



Analysis of Phvsiological Effects
C5A SN68-218, 4 April 1975

James G. Gaume, M.D.

will not be caused by explosive decompression, but to the effect
of acute oxygen deprivation." 1In this case, however, the period
of oxygen deprivation was too brief and too mild to have any
lasting, serious conseqguence.

The "bends" would have been the earliest symptom to
develop on decompression, but these do not usually appear until
10-15 minutes after the decompression and therefore did not
have time to develop. Bends would be unlikely at 23,400 ft.,

however.

AMES G. GAUME, M.D.
Human Factors Consultant
30 August 1981
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BREATHING OXNYGIEEN

required at rest. A= a consequenece  the
amount of oxvegen which must he added to
the inspived air in flicht must be varied se-
cording to the ventilation rate in order to
keep the oxyvgen pereentage constant,

A further and very important considera-
tion is the faet that eaeh method of ad-
ministration varies tremendously in its of-
fiteney and, i most eases, the amount of
oxvgen supphicd to the individual s no
eriterion of the amount available to him for
respiration. In praetice the only satisfactory
means of determining the amount of oxygen
required for any particulae picee of cquip-
ment ixto determive experimentally the flow
necessary to give aosea level value 1o the
partial pressure of the oxvgen in the hungs or
in the blood.

Oxyaex Urinization iy Fuaor

Al high altitude military airplanes e
provided with oxygen equipment and mili-
tary personnel arve required to utilize oxyvgen
at all times while participating in fhight above
10,000 feet. Oune of the first indications of
meipient oxvgen laek occeurs at night where
a measurable rveduction in night  vision
ustially occurs at altitudes ax low as 5000
feet. The decision establishing the manda-
tory altitude @t which military personnel
must use oxyvgen equipment is based on the
fuctor of dispeusing with the annmoyvance of
the use of oxygen equipment until an altitude
is reached where hypoxia may ereate an equal
or greater handicap. The physiologie changes
caused by the development of minor hypoxia
from sea level to 10,000 feet are of a moderate
nature. In most eaxes the airmen are unaware
of themi, They eonsist of a slight inereaxe of
pulmonary ventilation resulting from an in-
crease in the rate and depth of breathing.
There is a slight 1o moderate inerease of
blood pressure and pulse rate. In military
aireraft capuable of flight above 35,000 feet,
the cockpits are usually pressurized. Pres-
surization varies from 12,000 to 18,000 feet.
In aiveraft capable of flight above 35,000
feet, positive pressure breathing equipment
is used. In military aireraft capable of flight
above 55,000 feet, full or partial pressure
suits with their ancillary oxygen equipment
are required. Individuals are encouraged to
use oxygen at Jower altitudes than those
preseribed whenever it is deemed necessary

17

by reason of low altitude toleranee, undue
physieal aetivity i flight or other cirenme-
stance which cannot be covered by general
regulbation.,

In commereial aviation, oxveen equip-
ment s installed in aceordanee with eivil
acronauties regnlation, Ta conuercinl ear-
riers with unpeessurized eabins, a scparate
oxvegen =vstem s maintained for the erew
and passengers, respeetively, The passenger
OXNZCn cqtipinent requirement consists of o
10 per cent passenger availability at SOO0 to
11,000 feet 100 per cent equipment
avatlability for passengers above 15,000 feet
for the duration of the flight. Pressurized
cabin commercinl carriers are coverad hy
additionad ¢ivil air regulations. At present,
the avernge commercial earvier flies at a
maxinu altitude of 20,000 feet with an
internal pressauvization of 8000 feet. Under
these circmmstances eivil acronautios regula-
tion requires thut crew members be provided
with oxveen cequipment for the duration of
the hght above 10,000 feet, Ten per comt of
the passengers will be provided with oxveen
ecquipment with 30 minutes eapacity it the
altitnde does not exceed 23,000 feet,

Jet transports flving at altitades of 10,000
feet will have an internal pressurization of
8300 feet. In view of the possibility of

o

~

fadlure of plane pressurization of jet aireraft’

which for economical operation must in-
variably fly above 25,000 feet altitude, the
existing civil acronauties regulation stipu-
lates oxvgen cquipment for all passengers,
Tu addition, the pilot will wear an oxygen
mask at all times above 235,000 feet. Auto-
matie presentation systems are installed in
this tvpe of commereial earrier. With this
sy=tem the pilot ean make the masks avail-
able to passengers in case of emergeney by
stimply pressing a button, The passenger then
holds a rubber cup over his nose and mouth
until subsequent descent to safe levels has
been aceomplished.

The physiologic effects of loss of preed
surization of jet transports will not be eaused

PRSI

by explosive decompression, but to the effect

of acute oxvgen deprivation, The onset of
hypoxia will depend upon the type of equip-
ment failure and the altitude of the plane.
In the caxe of compressor malfunetion the
internal pressurization will drop <lowly and
correcetive measures will be less urgent. In



JAMES G. GAuUME, M.D.
CONSULTANT IN HUMAN FACTORS
1517 ESPINOSA CIRCLE
-~ PALDS VERDES ESTATES, CALIFORNIA 90274

(213) 375-6607

REPORT C

ANALYSIS OF THE HYPOXTA CAUSED BY THE DECOMPRESSION EVENT
OF C5A SN68-218
4 APRIL 1975

At 23,400 ft. the alveolar pO; (oxygen pressure) is
approximately 28 mm Hg. On a sudden decompression from 5,000 ft.
to 23,400 ft. in less than 0.6 second, hypoxia could be evident
to the observer in a few (2-3) minutes. The subject would feel
hypoxic in 1.5-2.0 minutes, but the feeling (of air hunger)
passes within one minute after onset, and breathing is relatively
easy again until 5-6 total minutes have passed. The reasons for
this effect are: (1) An increase in pulmonary ventilation takes
place automatically and the subject takes in a greater volume of
air per breath and per minute. The blood pOp has already been
reduced, so that as the greater volume of air is breathed, more
oxygen (02) is extracted from the inspired air, raising the
arterial pO2 by perhaps 20%; and (2) Hypoxia is a potent cerebral
vasodilator which increases the volume of blood flowing through
the brain, thereby again increasing the O2 available to the brain
by as much as 35% at 23,400 ft., which would raise the p02 of
the cerebral blood to more than 40 mm Hg. This would be eguiva-
lent to the arterial pO

2
18,000 ft., it is expected that the average person would have

expected at less than 18,000 ft. At ™

a TUC of 30 minutes. However, by the time that this 18,000 ft.

~1-



Analysis of Hypoxia
C5A SN68-218, 4 April 1975

James G. Gaume, M.D.

pO2 equivalent was attained (due to the combined spontaneous
increase in pulmonary ventilation and the hypoxia effect),

the aircraft had already descended to an altitude of approximately
16,000 ft., according to the descent profile indicated by the
MADAR data. This is an easily surviv;ble altitude without any
physiological damage. (See Attachments Cl, 2, 3)

These normal, physiological, compensatory, protective
mechanisms which came into play, activated by the extremely
rapid decompression, constituted the factors which prevented
the occupants of the troop compartment of tae C52 from becoming
unconscious, and therefore, from sustaining any brain damage as
a result of hypoxia. The hypoxia was too mild and too transient
to be of any serious import. An example of this is illustrated

by the incident described by Charles A. Lindbergh, involving

himself, as detailed in the Foreword of the Handbook of Respiratory

Physiology (Attachments C4, p. vi). As indicated by this example,

had anyone in the C5A become unconscious from lack of 02, they
would have recovered consciousness within 2-3 minutes more,
because again, according to the MADAR data, they were down to
16,000 ft. in 3.0 minutes from the moment of decompression.
According to the various testimonies perviously given, no one,
became unconscious.

Another decompression event, involving a National Air

Lines DC 10 over Albuquerque, NM, took place at 39,000 ft. The




Analysis of Hypoxia
C5A SN68-218, 4 April 1975

James G. Gaume, M.D.

cabin altitude reached 31,600 £ft. altitude and was above
16,000 ft. for 5.5 to 6.0 minutes. Three or four passengers
and flight attendants became unconscious from lack of oxygen,
as a matter of record, but all regained consciousness at
approximately 15,000 ft. without any harm.

Totally unacclimatized people are transported to the
tops of Mt. Evans and Pike's Peak in Colorado, both of which
have altitudes of more than 14,000 ft., and stay there for
hours, walking around, climbing small elevations, without harm.
Others have flown over the "Hump" in Asia, and have been without
O2 for as much as thirty minutes, without iil effect except for
headache.

The Cuban Stowaway, who stowed away in the wheel well
of a DC 8 as it took off from Havana to Spain, was without 02
at 29,000 ft. for more than 7 hours, and survived with no
apparent harm. His case was thoroughly documented by Spanish
physicians when he reached Spain. Houdini could stay under water

for 4 minutes without breathing either air or oxygen. There is

a case on record wherein a man diving has remained under water

without breathing apparatus, merely by holding his breath, for
13 minutes without any air except that which he had in his lungs
when he submerged, and he had repeated this feat a number of)y
times.

Therefore, because the human body has a number of

protective mechanisms, all of which were activated and came into

-3-



Analysis of Hypoxia
C5A SN68-218, 4 April 1975

James G. Gaume, M.D.

play at the time of the decompression, the people in the troop
compartment of the C5A in question survived without harm, to
a reasonable medical certainty. The calculations normally used

which consider only the reduction of pO, available, by virtue

2
of subtracting the partial pressure values for carbon dioxide
and water vapor in the lungs, do not tell the whole story. They
do not consider the dilatation of the cerebral arteries and the
resultant increase in blood flow and O2 to the brain, and the
consequent reduction in altitude equivalent caused by this
normal compensatory mechanism. Increased pulmonary ventilation
has been considered, but little or nothing ﬂas been said about
the increase in heart rate which also accompanies hypoxia, and
helps to provide an increase in blood flow and 02 to the brain.
Attachment C5 from the book, Hygoxia; by Van Liere and
Stickney, pp 284,285, "Ability of Young Animals to Withstand
Asphyxia and Hypoxia," quotes the work of several investigators
who all say that newborn human infants are able to withstand
considerable periods of hypoxia (24, 71, 104). This appears to

be true of the infants of most mammals, most likely another

compensatory, protective mechanism to assure survival of the

species. ﬁ &Wte_,)ﬂ&

Vﬁames G. Gaume, M.D.
Human Factors Consultant
30 August 1981
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FOREWORD

TRAINING FOR THE RECOGNITION OF OXYGEN EMERGENCIES
IN HIGH-ALTITUDE FLYING

Charles A. Lindbergh

Just as primary training in stick-rudder-throttle technique is essential
to a pilot of the most advanced types of airplanes, primary training in
oxygen technique is essential to the high-altitude crew. Modern, scien-
tific safeguards do not remove the importance of a thorough understand-
ing of the ABC’s in each field.

Emergencies can result as fatally today, but the value of training in
oxygen technique was probably more apparent during the years before
pressure masks and pressurized fuselages came into service use. Troubles
were then encountered more frequently, and methods of combating them
were less advanced. In the early days of altitude flying, a pilot operating
much above 30,000 feet was always in a more or 1es§, hypoxic condition.

The lessons I learned from high-altitude test flying during World War
II all point to this primary requirement: Learn to recognize hypozia
quickly. Then, you have time to do something about it before you lose
consciousness.

This might be called the B in the ABC’s of oxygen technique. The A
relates to having emergency equipment available and in condition for use.
The C demands a considered plan for using it. You can spend plenty
of time arranging A and practicing C; your error is likely to come in the
B of recognition. I shall try to emphasize and clarify the problem by ex-
amples from my own experience.

My first obvious contact with hypoxia came in 1927, while I was flying
the Spirit of St. Louis at an altitude of about 20,000 feet over the moun-
tains of Colorado. The plane carried no oxygen, and during the latter
part of the slow climb I grew aware of an increasing vagueness of percep-
tion. The simplest problems of addition and subtraction, in connection
with my navigation, became difficult.

My first rough experiments in oxygen technique were carried out
in a P-36, in 1939, at altitudes of slightly over 30,000 feet. In this plane,
an oxygen supply was available through a wooden tube at the end of a
rubber hose. I studied the dulling and sharpening effects on my senses
when the tube was removed from its normal position between my teeth,
and when it was replaced. Pilots’ tales of mysterious high-altitude effects
on mind and body cautioned me in these experiments.

In 1942, at Willow Run, I undertook a project in which high-altitude
breakdown tests were to be run on the ignition system of an R-2800 engine

o



in a P-47 fighter. The cockpit was unpressurized, and a pressure mask
was not available at the time. Flights were to be made as far above 40,000
feet as possible. (By stripping the plane of all removable military equip-
ment, I finally attained a maximum indicated altitude of 43,000 feet.)

Before starting this project, I flew to Rochester, Minnesota, for two
weeks of simulated high-altitude operation in the altitude chamber at Dr.
Boothby’s Aero-Medical Unit of the Mayo Clinic. Chamber tests soon
showed that at 40,000 feet I could expect approximately 15 seconds of
reasonably clear consciousness following a complete oxygen failure —
slightly more or slightly less, depending on the abruptness of the failure
and my physical condition at the moment. Fifteen seconds gave little
more than enough time to transfer from the plane’s oxygen system to a
jump-bottle oxygen system. And 15 seconds would be available only
if I discovered an ozygen fatlure immediately upon its occurrence.

The general opinion prevailing among flying personnel, in 1942, was
to the effect that you could not train your senses to become aware of a
hypoxic condition in time to take conscious action to overcome it.
My own experience led me to doubt the validity of this opinion. Working
with Dr. Boothby and his staff, I arranged a system whereby the oxygen
supply to my mask, in the altitude chamber, could be cut off without my
knowledge. Another mask, with a full supply of oxygen, was laid at my
side. It was my job to learn to detect hypoxia quickly enough to change
the masks without assistance. Several trials taught me to make the
change with a number of the originally available seconds of conscious-
ness still in reserve.

This training may well have saved my life in the test flights with the
P-47 which followed. On one of these flights, my oxygen gage read 50
pounds high and I ran short of oxygen without warning, at 36,000 feet
during a descent from higher altitude. I noticed the effects of hypoxia in
plenty of time, but I made an error in what I call here the C of oxygen
technique. Instead of changing immediately to the jump-bottle system,
I nosed my fighter down into a dive toward denser air. Of course, in a
dive from 36,000 feet, I had more than 15 seconds of consciousness avail-
able; but it was not enough. The dials in front of me faded. My mind
became too dull to think of the jump-bottle system. From somewhere
above 30,000 feet to somewhere below 20,000 feet, I remember only a
great shriek outside my cockpit and my determination to increase the angle
of dive regardless of consequences. The P-47 almost certainly went
through a compressibility condition, but it was fully controllable again
when the instrument-board dials began to clarify, at about 17,000 feet, and
as my senses regained their normalcy with the increasing density of air.

That P-47 flight produced excellent examples of proper recognition of
an oxygen emergency and improper action following the recognition. It
pointed up the value of adequate altitude-chamber training. Good B
technique compensated for bad C technique. The flight took place ten
years prior to the writing of this chapter; but regardless of the improve-
ment in emergency equipment and procedure, the ability to recognize
hypoxia quickly still remains essential to the safety of the high-altitude
crew. You should be able to recognize the symptoms of anoxia even when
your mind is concentrating on the duties of your mission. The procedure



to be followed thereafter depends on such variable factors as the cause of
oxygen failure, the type of your aircraft, and the mission you have been
assigned to.

Altitude-chamber training for the recognition- of hypoxia is simple.
It is applicable to group instruction. It saves lives.
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CHAPTER XVIII

EFFECT OF HYPOXIA ON THE
NERVOUS SYSTEM

Of all the tissues in the body, nervous tissue is the least capablz of
withstanding oxygen want. Whereas cartilage tissue, for example,
may withstand total deprivation of oxygen for several hours with-
out suffering any apparent deleterious effects, nervous tissue can
withstand deprivation of oxygen for only a“few minutes. Since nerv-
ous tissue is so sensitive to oxygen want, it is obvious that the effect
of hypoxia on the central nervous system of the intact organism is of
paramount importance.

BLOOD SUPPLY TO THE BRAIN

The literature on cerebral circulation was reviewed by Wolff
(109) in 1936. In 1943 Schmidt (86) published a monograph on
cerebral circulation. The effect of hypoxia on cerebral circulation
was reviewed by Opitz (76) in 1950, by Kety (62) in 1958, and by
Lassen (65) in 1959. The reader is referred to these reviews for de-
tails of this important subject.

Schmidt (85) and Schmidt and Pierson (87) showed that oxygen
deficiency produces vasodilatation and an increased volume of blood
flow to the medulla oblongata and hypothalamus. A number of in-
vestigators in the early 1930’s (20, 67, 110) also demonstrated that
hypoxia produces dilatation of the pial vessels. These findings have
been confirmed by later workers (65).

Wolff (109} stated that inhalation of carbon dioxide produces a
more marked vasodilatation of the vessels which supply the brain
than does oxygen want. 1f this were true, there would be a greater
dilatation of the cerebral vessels during asphyxia than during anoxic
- hypoxia. On the other hand, Dumke and Schmidt (31) in 1943 ob-
served that both hypoxia and hypercapnia increased cerebral blood
flow but that the effect of hypoxia was more striking than that pro-
duced by carbon dioxide.
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The consensus is that slight variations gf oxygen tensions do not
affect cerebral blood flow; however, a moderate decrease in oxygen
tension may produce a significant increase.- Courtice -(23) in 1941,
working with chloralosed cats, found that there was no increase in
cerebral circulation until the inspired air contains less than 15 per
cent oxygen. Kety and Schmidt (63) in 1948 reported that in subjects
breathing 10-13 per cent oxygen the cerebral blood flow increased
about 35 per cent. Lassen (65) reported similar findings. 'The latter
worker has emphasized that the pronounced vasodilatory response to -
oxygen lack means that a greater degree of arterial oxygen unsatura-
tion can be tolerated than would be the case if this response did not
occur,

Opitz and Schneider (76) reported in 1950 that cerebral blood
flow increased by anemia and that vasodilatation commences when
the pO, of the cerebral venous blood falls to about 28 mm. Hg.

Although there is sound evidence that anoxic hypoxia and proba-
bly hemic hypoxia cause an increased blood supply to the brain, it
is likely that in spite of this the diminished oxygen tension during
hypoxia produces a deficient oxygen supply to the brain. It is gen-
erally conceded that during anoxic hypoxia the brain is one of the
first organs to be affected.

SURVIVAL TIME OF DIFFERENT NERVE TISSUES
DEPRIVED OF BLOOD

It has been known for a long time that different parts of the nerv-
ous system are more sensitive to deprivation of blood supply, that is,
stagnant and hemic hypoxia, than are others. According to Hey-
mans' (49), Stenon (93) in 1667 and Legallois (66) more
than a century and a half later, were the first to investigate this im-
portant problem.

Many workers have experimentally produced anemia of the brain
by occluding the arterial supply; among the early investigators were:
Cooper (22) in 1836; Hill (51) in 1896 and in 1900 (52); Crile
and Dolley (25) in 1908; and Pike, Guthrie, and Stewart (78) also
in 1908. Others have reported studies on the effect of acute anemia
on nervous centers (4, 16, 17, 25, 28, 39, 43, 50, 60, 61, 72, 77, 94,
95,103) .

Cannon and Burkett (19) in 1913 reviewed the literature of the

1C. Heymans in 1950 reviewed the literature concerning survival and revival of
nervous tissues after arrest of circulation. The reader is referred to this extensive re-
view which lists 246 references. (C. Heymans, Physiol. Rev., 30 [1950), 395.)
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effect of anemia on nerve cells of different classes. Table 10, which
was compiled by Drinker (30) from the literature cited by Cannon
and Burkett, shows the survival time of different nerve tissues when
completely deprived of blood.

TABLE 10

SurvivaL TiMe oF DIrFERENT NERVE TIsSUES
CompLETELY DEPRIVED OF BLOOD*

Survival Time

Tissue {Minutes)
Cerebrum, small pyramidal cells. .. ....... ...... .. 8
Cerebellum, Purkinje’scells. .. .................... 13
Medullary centers. ...............oii i, 20-30
Spimalcord....... ... ... .. .. e 45-60
Sympatheticganglia................... ... ... ..., 60
Myenterig plexus.......... ... i 180

* From W. P. Drinker, Carbon Monoxide Asphyxia (New York: Oxford University
Press, 1938), p. 133.

Drinker, interestingly enough, has pointed out that Table 10 indi-
cates that individuals who have suffered from severe hypoxia, such as
may be produced by carbon monoxide poisoning, may be practically
decerebrated.

Heymans et al. (50) in 1937 studied the effect of acute anemia on
the nerve centers by perfusion of the isolated head of the dog. The
circulation was interrupted for varying periods of time, and the abil-
ity of the centers to revive after the circulation had been completely
interrupted was noted.

Table 11 shows that the cortical regions are the most sensitive to
oxygen want. It is of interest that Davies and Bronk (264), in studies

TABLE 11

ApILITY OF CENTERS AT VARIOUs LEVELS OF THE NERVOUS SYSTEM
10 WiITHSTAND COMPLETE INTERRUPTION OF BLOOD SuppPLY*

Interruption of Central Cortical Palpcbral Cardio- Vaso-

Circulation up to Pupillary regulatory motor Respiratory
1-5min.........oenn + + + + +
5-10. .. ... - + + + 4-

10-15. ... - — + + +
15-30. ... - - + + +
30, - - - - -

on oxygen tension in the mammalian brain, reported that the cortex
(at least locally) is on the verge of oxygen insufficiency even in its
normal state. Actually the cortex has but a small reserve of dissolved
oxygen should the circulation fail completely. Their experiments
suggest, however, that the cortex ought to function normally as long
as its oxygen tension is well above 5 mm. Hg.
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It is of especial interest (Table 11) that the respiratory center,
which is generally regarded as being extremely sensitive to oxygen
want, may be revived after it has been deprived of its circulation for
a considerable time. Heymans et al. (50) pointed out that their ex-
periments demonstrated that the respiratory and circulatory centers
possessed great resistance to hypoxia and could be revived after thep”
circulation had been arrested for as long as thirty minutes. They
stated, however, that certain centers, which probably were situated
in the cerebrum, were more sensitive to anemia and were irreparably ,
damaged if the circulation were arrested for more than five minutes.¥

Arrest of circulation in spinal cord.—As early as 1667 Stenon (93)
reported that anemia of the spinal cord produces paralysis at the end
of one minute and suppression of sensitivity and motor functions
after three minutes. Legallois (see 66) in 1830 reported that ligation
of the abdominal aorta produced paralysis of motor spinal functions
but that the spinal centers may recover their function if the circula-
tion has not been obstructed too long.

Since this early work a number of investigators (12, 13, 14, 15, 21,
36, 69, 84, 92, 97, 100) have reported the effects of interruption of
the circulation of the spinal cord. Many of these studies were made
following obstruction of the abdominal aorta.

HISTOLOGIC STUDIES OF STRUCTURAL CHANGES

Angxic hypoxia.Thorner and Lewy (96) in 1940 reported ex-
periments performed on guinea pigs and cats which had been sub-
jected to complete hypoxia by being placed in an environment of
pure nitrogen for various periods of time. These workers found that
exposures to sublethal periods of pure hypoxia produced vascular
and degenerative changes in the central nervous system. It was em-
phasized that some of these changes were irreversible and became
summated in animals repeatedly subjected to hypoxia.

Following fatal cases of nitrous oxide-oxygen anesthesia, lesions
of the brain, especially in the cortex and basal ganglia, have been
observed (41, 70). These changes have been attributed to anoxic
hypoxia.

It has been suggested by van der Molen (98) that cortical cell

- changes occur at partial pressures of oxygen equivalent to an altitude

of 28,000 feet (8,535 meters) and, moreover, that some of these
changes might be irreversible. It will be remembered, however, that
the average unacclimatized individual cannot live much beyond an
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altitude of 25,000 feet (7,620 mcters). Only individuals thoroughly
acclimated could withstand an altitude of 28,000 feet; it 1s known,
ol course, that several members of the various Mount Everest expedi-
tions were reasonably well acclimated to this great height.

Windle and his co-workers (105, 106, 107, 108), during the early
1940's, carried out extensive researches on the central nervous system
of full-term guinea pig fetuses which had been subjected to severe
grades of hypoxia (and of asphyxia). (Some of these animals were
resuscitated and later subjected to learning tests.) Controlled histo-
pathologic studies were made. Neuropathologic changes of various
degrees of severity were observed, which were not necessarily re-
lated to the duration of the hypoxia. Among the changes noted were
capillary hemorrhages, clouding of Nissl substances, shrinkage of the
neuron, and loss of stainability. In some instances, there was a gen-
eralized necrosis of the brain and spinal cord with chromatolysis and
edema. Glial proliferation and loss of nerve cells, especially in the
pyramidal layers of the cerebral cortex, were also found.

Morrison (74) in 1946 made comprehensive histologic observa-
tions on twenty-five dogs and ten monkeys which had been subjected
to various degrees of hypoxia. He observed that a single exposure to
a simulated altitude of 32,000 feet (9,755 meters) for twenty-five
minutes produced extensive lamina necrosis in the cortex of the
monkey.

Repeated exposures of moderate hypoxia (12-13 volumes per cent
of oxygen in the blood) showed that the first histologic changes
occurred in the cell bodies of the cortical gray matter. When 10 vol-
umes per cent oxygen were used, and the animals subjected to re-
peated exposures, the white matter became involved, demyelinization
appearing in the corpus callosum and centrum semiovale.

It was observed further that during severe hypoxia the frontal
lobe was most often, and the temporal lobe least often, involved. The
cerebellum was more often aflected than the basal ganglion. The
spinal cord and medulla were not aftected by hypoxia compatible
with life.

In 1945 Hoff, Grenell, and Fulton (57), working with guinea pigs,
reported that hypoxia caused marked changes in the cell, which in-
volved the cytoplasm, nuclei, and Nissl substance. Damaged cells were
found in various locations of the brain, but those in the medulla and
cercbellar cortex were especially involved.

Metz (73) in 1949, after subjecting several different species of
vertebrates (goldfish, frogs, turtles, pigeons, and rats) to severe grades
of hypoxia, commented on the fact that he did not see much histo-
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logic nerve damage. e emphasized the p0§§ibility that the changes
which may have occurred were not morphologic in nature but
rather were biochemical phenomena at a submicroscopic level. This
is an interesting observation and suggests further researches along
this line.

Recently Hager et al. (46) studied electron-microscopic changes
in brain tissue of hamsters following acute hypoxia. The studies
suggested that there is a rise of intracellular osmotic pressure and
disintegration in both the perikaryon and the mitochondria.

Gerard (38), from his studies on hypoxia and neural metabolism,
has concluded that one of the functions of oxygen is to keep the cell
membrane polarized and, further, that proteolytic processes are ini-
tiated by complete hypoxia. It is thought that the accumulation of
lactic acid in severe degrees of hypoxia may be partially responsible
for this reaction.

Gellhorn et al. (37) have suggested that hypoxia and hypogly-
cemia have a similar physiologic action on the central nervous sys-
tem and that they act synergistically in the production of convulsive
seizures. Sugar and Gerard (95) have also suggested that hypogly-
cemia acts much like hypoxia on the function of the brain, since it
leads to interference with oxidation in that organ.

Hemic and stagnant hypoxia—Histologic studies of nervous tissue
have becn made on the differential effects of hypoxia following
anemia. Gomez and Pike (41) in 1909, working with cats, reported
histologic changes in nerve cells brought about by total anemia of the
central nervous system. The order of susceptibility of the cells of the
central nervous system to oxygen want, as shown by histological stud-
ies, was as follows: small pyramidal cells, Purkinje cells, cells of the
medulla oblongata, cells of retina, cells of cervical cord, cells in lum-
bar cord, and sympathetic ganglionic cells.

Gildea and Cobb (39) in 1930, studying pathologic effects of cere-
bral anemia, observed nonspecific cortical lesions, such as focal areas
of necrosis and swollen and shrunken ganglion cells. The most pro-
nounced effect was noted in the cells of lamina III and IV of the
cortex.

In 1938 Greenfield (42) reviewed previous work on neuronal
damage from stagnant and anoxic hypoxia. He emphasized that there
are considerable differences in the responses of different nerve cells.

Weinberger et al. (101) in 1940, working with cats, produced
temporary anemia by occluding the pulmonary artery. At the end of
three minutes and ten seconds, permanent and severe pathologic
changes were found in the cerebral cortex. Longer periods of hemic
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hypoxia produced lesions in the Purkinje cells of the cerebellum and
in nerve cells in the basal ganglion.

Effect of anemia on cells of spinal cord: A number of investigators
(34, 47, 81, 92, 99) have made histologic studies of certain nerve cells
after the circulation of the spinal cord had been partially or totally
arrested. For the most part, severe anemia (ischemia) produced grave
damage to the cells, and in some instances necrosis and destruction oc-
curred. The amount of damage, of course, depended upon the se-
verity and duration of the anemia. Some cells—for example, those of
the spinal ganglia—withstood anemia much better than others.

These studies on the cells of the spinal cord have important clinical
significance. They are especially pertinent in surgical operations in-
volving important blood vessels, particularly the aorta. Recently,
however, the use of extracorporeal circulation has removed many
dangers in this area. )

As might be expected, arrest of circulation produces grave organic
changes in the cells of the central nervous system within a rela-
tively short time. It has been emphasized by Sugar and Gerard
(95) , however, that while the damages which follow sudden anemia
are primarily due to hypoxia, there are other important contributing
factors. Those which they mention are hypoglycemia, hypercapnia,
and the increased extracellular potassium.

Carbon monoxide poisoning.—The effect of carbon monoxide on
the nervous system has engaged the attention of numerous work-
ers (63, 54, 58, 75, 91, 96, 111). Not only has necrosis of nerve fibers
in the brain been observed, but necrosis in the peripheral nerves, as
well (58, 91).

In 1934 Yant et al. (111) made extensive investigations of histologic
changes produced in the central nervous system of dogs following
administration of carbon monoxide; various pronounced lesions were
found.

In 1946 Lhermitte and De Ajuriaguerra (68) reported that if
death rapidly followed carbon monoxide poisoning, hemorrhages,
necrosis, and edema occurred. These changes primarily involved the
lenticular nuclef; but the subcortical white matter, the hippocampus,
the substantia nigra, and the cerebellum also were affected. If carbon
monoxide poisoning is continued for long, changes appear in the
vascular network with infiltration of the walls by neutral lipids and
other substances, such as ferric salts and calcium.

These authors suggest that a toxic factor in addition to the anoxic
factor in carbon monoxide poisoning affects the neuroglia and the
vascular network with specific involvement of the basilar region and
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the white fibers of the centrum ovale. In this connection, Thorner
and Lewy (96) in 1940 raised the interesting question whether the
cerebral changes in carbon monoxide poisoning are actually typical
of hypoxia or are caused by other factors.

Dutra (32) in 1952, studying the brain of man, reported that
cerebral lesions which occur as residua of carbon monoxide poison-
ing consist essentially of dilatation of blood vessels, edema, peri-
vascular hemorrhages, degeneration and death of ganglionic cells,
focal demyelinization, and foci of necrosis. He felt that these lesions
were either directly or indirectly caused by diminution of the supply
of oxygen.

Obviously, carbon monoxide poisoning is capable of producing
severe damage to nervous tissue. Some of the histologic changes
following severe poisoning are irreversible, so that permanent damage
has been done, and as Drinker has pointed out, individuals may be
practically decerebrated.

CHEMISTRY OF THE BRAIN

During the past two decades or so, considerable research has been
done on the chemistry of the brain during hypoxia. Several investiga-
tors (6, 7, 44, 45) have found an increase in lactic acid during anoxic
hypoxia. Gurdjian et al. (44, 45) in 1944 reported that cerebral
lactic acid rose when the oxygen content of inspired air fell to 10-13
per cent. Criscuolo and Biddulph (26) in 1958, working with rats,
found that adrenalectomy prevented an increase in lactic acid of the
brain during hypoxia. If, however, epinephrine were administered,
the usual rise of lactic acid during hypoxia was observed. The authors
felt that this finding suggested that blood sugar is the substrate for
lactic acid,.

"There is evidence that hypoxia causes a decrease in phosphocrea-
tine. Gurdjian et al. (44) reported a decrease of phosohocreatine
when animals breathed 7 per cent oxygen. No change, however, was
noted in cerebral adenosine triphosphate. In 1953 Albaum et al. (2),
working with rabbits, subjected them to progressive stages of hy-
poxia and correlated the chemical changes in the brain with electrical
measurement of function. Moderate decreases of adenosine triphos-
phate, creatine phosphate, and glycogen were observed. These de-
creases, however, were not noted until the stage of inexcitability had
been reached. ‘

Welsh (102) subjected rats to anoxic hypoxia (200-100 mm. Hg
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barometric pressure) for one to two hours and obscrved that the
acetylcholine in the brain was decreased by approximately one-third
to one-half. Insulin hypoglycemia was found to cause a greater de-
crease in acetylcholine than anoxic hypoxia. It was suggested that the
decline 1n [rec acetylcholine might account for the decrease in ex-
citability of the cortex under conditions of hypoxia and of hypo-
glycemia.

Dixon (29) in 1949 studied changes in the concentration of potas-
sium in slices of rabbit cerebral cortex, which were bathed in a
bicarbonate-Ringer’s solution. In the absence of glucose a loss of
potassium from the tissues was noted. With active utilization of glu-
cose, however, there was an increase in the uptake of potassium. In
this respect brain tissue resembles other tissues of the body.

The chemistry of the brain during hypoxic states obviously needs
further investigation. Studies which correlate the chemical changes
with electrical activity of the brain are especially needed.

ABILITY OF YOUNG ANIMALS TO WITHSTAND
ASPHYXIA AND HYPOXIA

It has been known for well over two centuries that young animals
are considerably less susceptible to asphyxia than adults. As early as
1725 Robert Beyle (10) commented on the resistance of kittens to
asphyxia, and Paul Bert (5) in 1870 called attention to the fact that
newborn animals were capable of withstanding prolonged asphyxia.
Since that time many observers have reported studies on asphyxia and
also on hypoxia in young animals and have confirmed and extended
the earlier work.

Studies have been made on rats (1, 8, 9, 11, 18, 27, 35, 48, 55, 83,
88, 89, 90, 104) , on dogs (33, 35, 40, 55, 61, 64, 88, 90, 104) , on guinea
pigs (18, 35, 40, 104) , on rabbits (35, 40, 88, 90, 101) , on cats (35, 64,
00, 104), and on mice (3, 59, 79, 80) . A few observations have also
been made on chicks and ducklings (82) and on the opossum (64).
Newborn huinan infants, too, are capable of withstanding consider-

able periods of hypoxia; several workers have emphasized this (24, -

71, 104).

Space does not permit giving details concerning all these experi-
ments. Suffice it to say that the problem has been approached in nu-
merous ways, and various grades and different types of hypoxia were
uscd; the length of exposure was also varied. A few typical experi-
ments may be cited,

e b———
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Kabat (60) in 1940, studying resistance.gf very young puppies to
arrest of brain circulation, found they were much more resistant to
acute hypoxia than adult animals. The respiratory center in the new-
born animal continued to function seventeen times as long as in the
adult. The newborn also achieved complete functional recovery
much more quickly than did the adult animal. At the age of four
months, the resistance was diminished to the adult level.

Fazekas, Alexander, and Himwich (35) in 1941 studied the tol-
erance of the adult and infant of various species (rat, dog, cat,
rabbit, and guinea pig) to hypoxia. The newborn exhibited a much
greater tolerance to hypoxia than adults. Tolerance varied in the
different species; for example, tolerance was longest in the physiologi-
cally immature newborn rats and shortest in the comparatively ma-
ture guinea pig. The authors suggested that in the newborn puppy
and rat the factor permitting survival was poikilothermia, the fall of
temperature diminishing the metabolic demands. It has also been
demonstrated that in these two animals there is a lower cerebral
metabolic rate.

Glass, Snyder, and Webster (40) in 1944, working with dogs, rab-
bits, and guinea pigs, subjected to pure nitrogen, concluded that
tolerance to hypoxia is related to the stage of development rather than
to environment. Interesting results were obtained with suckling rab-
bits breathing pure nitrogen. The survival period at one week was
ten minutes; at two weeks, four minutes; and at three weeks, one and
a half minutes, the last value being the same as that of the matured
animal. These authors emphasized that the defense of the fetus against
asphyxia is important because of the increased hazard of respiratory
failure during the terminal phase of intrauterine life and the carly
neonatal period.

Selle (89) has pointed out that the increased tolerance of young
animals to hypoxia is apparently due to several factors: (a) a low
metabolic rate of the central nervous system, (h) poikilothermia,
and (c¢) an anaerobic source of energy. Kabat (60) and Jelinek (549)
also feel that the newborn can obtain anaerobic energy from glycolysis
to a greater extent than adults. It has been shown by Himwich and
his associates (55) that insulin reduces, and glucose increases, the
survival of young animals placed in pure nitrogen. He and his co-
workers (56}, studying the survival of young animals which had been

‘given sodium cyanide (which inhibits the cytochrome system),

demonstrated clearly that anaerobic energy is available to young ani-
mals.
De Haan and Field (27) in 1959, working with rats, felt that young



animals can withstand hypoxia better than aduits because of high
_glycogen levels and the infant's ability to metabolize lactic and
pyruvic acids to lipids.
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CEREBROSPINAL FLUID

PRESSURE

In 1960 Small et al. (20) reported the effect on anesthetized dogs
of the inspiration of 8 per cent oxygen in nitrogen mixtures. Cerebro-
spinal fluid, arterial blood, and central venous pressures were all
measured simultaneously with modern pressure transducers. The
peak increase in cerebrospinal fluid pressure, occurring at four min-
utes on the average, was 108 per cent over the control. Mean arterial
blood pressure increased 31 per cent and venous pressure 69 per cent
at the same time. Vasodilation in the brain as well as increased
blood pressures, both arterial and venous, were suggested as the
causes of the rise in cerebrospinal fluid pressure. Earlier experi-
menters have reported similar findings in both dogs and cats. Most
have found an early rise in short bouts of severe hypoxia (2, 15, 17).
With longer exposures the terminal increase may be lessed marked
or absent (1, 7, 23, 25). Edstrom and Essex (3) found the rise oc-
curring for thirteen to thirty-three minutes following the breathing
of pure nitrogen gas until near collapse.

According to present concepts (10, 21), hypoxia can cause cercbral
vasodilation and increased cerebral blood flow. Since brain and cere-
brospinal fluid are incompressible, in order for the cranium to ac-
commodate the extra volume of blood there must be a shift of fluid
from the cranial cavity. In the process cerebrospinal fluid pressure
is apparently clevated, and cerebrospinal fluid absorption into the
venous outflow is probably increased temporarily until a new equilib-
rium is reached.
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