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INTRODUCTION

Until quite recently the question of exposure of men or
animals to total amblent pressures less than that of the vapor
pressuré of body fluids was purely of academic interest. However,
with the advent of aircraft capable of reaching altitudes of
100,000 feet, and the possibility of the realization of the space
ship, the problem assumes aspects of urgency and practicality.

The experiments about to be described were undertaken to
determine the tolerance and physiological responses of animals
exposed to pressures of 30 mm. Hg., the pathology resulting from
exposure to such pressures and the efficacy of protective measures

against the harmful effect of such extremely low pressures.




—1*

Engineering Livision
Memorandum Report No, MCREXD—696-104I
18 June 1948

REVIEW OF THE LITERATURE

The papers covered in this review are those which are concerned
with the subject of exposures to pressures below 47 mm. Hg. Other
reports, pertinent to, but not directly concerned with the subject
will be discussed at the appropriate places later in this disserta-
tion. All available civilian and military literature will be re-
viewed.

Paul Bert (1878) belie;ed that the important effects of sudden
decreases in pressure were the result of the anoxia and that any
effects of the reduction in barometric pressure per se were combined
with and subordinated to the decreased oxygen temsion. Bert obser-
ved the expansion of the gases contained in the bodies of fish, bird
and mammals. The initlal distress of these animals upon being
rapidly decompressed was attributed to the expansion of these gases.
This occurs throughout the entire body of the bird, the swim bladder
of the fish and the gastrointestinal tract of the mammal. He
mentions the increased distension of the herbivores as compared with
the carnivores. The air of the swim bladder of the carp may escape
through the opening of this organ into the mouth and thus alleviate
the distress. Those fish, such as the stickleback, which have a
closed swim bladder die as a result of the rupture of the overdis-
tended bladder. |

Bert's experiments on rapid decompression of mammals from

pressures of one atmosphere are limited to one dog, two cats, and
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three rats. These animals were decompressed and maintained at

the final pressure until death. The pathology seen at autopsy
was ascribed to anoxia. All but the rate were exposed to terminal
pressures ranging from 120-160 mm., Hg. The rats were decompressed
to 45 mm, Hg. These are the first exposures to pressures less
than 47 mm. Hg.

Nothing further concerning the subJject was found in the liter-
ature until Armstrong (1939) reported the results of experiments
performed earlier (1936) on bubble formation in the blood of
animals exposed to pressures below 47 mm. Hg.

The recent war lent impetus to research in this field. It
was the German Air Force which earliest in the war, conducted
experiments at these low pressures. Little attempt was made to
study the physiological effects, but rather the investigations were
conducted with a more practical view,- the effects of bailing out of
a plane at such altitudes. The experiments were rarried out not
only on animals (Lutz, 1946) but also on inmates of the Dachan

concentration camp (Rascher, 1946). A detailed account of their

findings are out of place here and will be presented in the discus-

sion. The important finding of these workers as far as this report
is concerned is the production of atelectasis as a result of expos-
ure to this low pressure.

Schubert and Gruner (1939) in experiments on young rats,

guinea pigs, dogs and cats reported atelectasis on exposure to less
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than 70 mm. Hg., but claimed that this effect was overshadowed by
mechanical changes in the gastrointestinal tract due to gas ex-
pansion. At pressures less than 50 mm. Hg. water vapor and the
setting free of physically dissolved and chemically bound gases
played an important role in bubble formation. In exposures where

this occurred, these workers found that death always resulted

because of atelectasis and the incompetance of the circulation
due to bubbles. The same investigators in an earlier paper
(Schubert and Gruner, 1936) concluded that the "boiling of tissues™
did not cause death. These experiments were performed on younger
animals because of their increased resistance to anoxia.
Measurements of the intra-abdominal pressure and its effect
on the abdominal and thoracic organs of animals taken to 30 mm.
Hg. as evidenced by X-ray records were made by von Diringshofen
(1935). He found that intra-abdominal pressure increased by 50
to 100 mm, Hg., and this forced the dilaphragm up, into the thorax
so that the lungs were compressed whille the cilrcumference of the
heart increased. Sections of the lungs of the animals which sur-
vived revealed only mild damage, while the lungs of those that

died showed complete atelectasis and hyperemia.
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METHODS

All the experiments described in this manuscript have been
performed in pressure chambers and not in actual flight. There-
fore, the term "altitude" refers to a simulated sltitude, or the
barometric pressure equivalent of this altitude. For the sams
reason the only characteristic of the altitude acting upon the
. animals was the reduced pressure. The tempsratures, motion,
vibration, sound and any other effects of actual flight were not
reproduced.

The decompressions were seffected as described by Whitehorn,
Lein and BEdelmann (1946). Essentially this method consists of
the =udden completion of a comnection between a large, previously
evacuated tank and a smaller chamber containing the animal. Two
such systems were used. The first method consisted of a glass bell
jar having a volume of 22.7 liters (0.8 cu. ft.) connected to the
large decompression chamber, the volume of which was 12.7h4 cu.
meters (450 cu. ft.). The connection consisted of a thirteen inch
length of one inch pipe and an ome inch knife valve. At the desired
moment, the valve was opened manually, establishing the connection
between the two parts of the system and the pressures came into
equilibrium. The small volume of the bell Jar precluded its use
for animals other than rats or hamsters. Therefore, a larger
chamber was employed for dogs. In this system, the animal chamber

was a steel tank having a volume of 0.212 cu. meters (7.5 cu. £t.)

10
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connected to the large tank by means of an opening, fifteen inches
in diameter, which was provided with a machined flange. This was
bolted to a similar flange welded to a:fifteen inch opening cut
into the side of the decompression chamber. A sheet of cellulose
acetate, 0.02 inches thick, was placed between the two flanges
which were then bolted tightly together to form an airtight con-
nection. When the desired pressure gradient had been established

the membranse was sheared out by burning a slit in it by msans of

an electrically heated nichrome wire.,
The rate of decompression of the first or smaller system was

determined by optically recording the movements of a stiff rubber

y membrane which was part of a sealed manometer placed inside the
bell Jar. The average time required for eight decompressions of

ell the bell Jar from 749 mm. Hg. to 31.5 mm. Hg. was 0.806 seconds.

© The rate of decompression therefore was 890 mm. Hg./second. or 17.2
pounds/eq. ins./second.

\ch The rate of decompression of the second system was estimated

1ired by extrapolation of data obtained earlier (Whitehorn, Lein and

lon Edelmann, 1946) on decompressions to 87 mm. Hg. Calculated in
thies manner, the time of decompression from 750 mm. Hg. to 30 mm.

5 Hg. 1s 0.03 seconds. This is equivalent to a rate of 24,000 mm.,
Hg./second, or 420 pounds/sq. in./second.

ber Male albino rats and both male and female dogs were used in

t.) these experiments. In most of the experiments the animals were
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unanesthetized. Nembutal, one grain per five pounds of body
weight, was used when anssthesia was desired. |

Except for a few preliminary experiments, the dogs were
carefully deparisitised and observed by a veterinarian before
being used. This precaution was taken because it had been found
in the past that lung and intestinal damage resulting from parasite
infestations exerted complicating influences upon the results, the
lungs of control animals exhibiting as much, and in some cases
even more damage than those of the decompressed dogs.

Two series of experiments were performed with dogs. The
first group was explosively decompressed from atmospheric pressure
to 30 mm. Hg., maintained at this final pressure for varying
periods of time and then recompressed to atmospheric pressure.
Oxygen was not administered at any time during this procedure.

In the second serlies, the dogs were placed in the animal chamber
which was then closed and ventilated with 100 per cent oxygen,
this ventilation continuing until the termination of the experi-
ment., Analysis of the gas flowing from the chamber revealed that
after ten minutes it contained better than 90 per cent oxygen.
The explosive decompressions did not occur until thirty minutes
after the start of the experiment so that the dogs preoxygenated
for a period of at least twenty minutes before the actual de-
compression. After the explosive decompression all the dogs were

maintained at the final altitude for periods of from fifteen

12
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éeconds to four minutes, recompressed to 160 mm. Hg. in one
minute, then brought to atmospheric pressure as rapidly as pos-
sible. The second recompression required about ons minute. The
animals were observed until recovery or death occurred. This pro-
cedure was followed in order to more closely simulate actual fly-
ing conditions.

The rats were used in several types of experiments. The
firsé sories was performed to determinse the length of time at the
final pressure which was Just compatible with life. Groups of
ten rats each were explosively decompressed to 30 mm. Hg. from
atmospheric pressure with a subsequent stay at the final altitude
which varied by ten seconds increments from a period of fifty to
one of 100 seconds. When the survival time for unanesthetized
rats was determined, a second series of three groups of ten rats
each was subJected to the sams procedure except that these animals
were preoxygenated for varying periods of time before the decom-
pression. The survival time was determined for anesthetized rats
in a third series. Following this, a group of anesthetized rats
was decompressed with their abdomens slit open in such a way as
to allow free expansion of the abdominal contents. A fifth set of
experiments was performed upon anssthetized rats with increasing
amounts of alr injJected intraperitoneally in order to lncrease
abdominal pressure. In all of these groups, the survival of the

animals was compared with the normal controls in order to determine

13
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whether the modified procedure increased or decreased the chances

of survival following a stay at final altitude for a constant
length of tims.

In order to determins the effect of the explosive decompression
upon the production of atelectasis it was evident that a quantita-
tive method for the determination of the lung collapse was neces-
sary. Previous investigators (Bert, 1878; Zuntz et al, 1906; c.f.

Fegler and Banister, 1946; Schubert, 1930; Greely et al, 19L3;

Lutz, 1946; Edelmann et al, 1946; Fegler and Banister, 1946.) have
estimated the degree of collapse by observation of the lung sur-
face or by determining the increase in specific gravity of the

lung tissue. It is obvious that inspection of the lung surface
alone can give at best only a rough approximation of the condition
of the entire lung and therefore would be open to severe criticism.
The use of increased specific gravity as an Indication of atelec-
tasis 1s also open to question. The specific gavity of the lung,
as of other tissues, depends upon two factors, weight and volums.
If the volume of air contained in the lungs remains constant then
any ?actor which would tend to increase the weight would cause an
increase in specific gravity. Thus, a hemorrhage, edema, or even
an hyperemia would exert this effect. Although the increased fluid
content also caused an increase in volume of the lung, the weight
of the fluid being more than that of air causes the weight 1ncrease

to be out of proportion to the increased volume. Even if the

i1
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additional fluid caused a displacement of some of the air, if this
is Jjust a small reduction in the size of the alveoli, an atelec-

tasis need not result. Therefore, in order to know whether or

3ion
7 not atelectasis 1s present, it 1s necessary to know the volume of
: the lung, the weight of the lung, and the amount of air present in
?. the lung.
The animals were sacrificed by a lethal dose of Nembutal, the
N trachea dissected and tied, the lungs removed irom the body and
carefully cleaned of adherent tissue. The trachea was clamped at
its bifurcation and sectioned distal to the clamp. The lungs were
then welghed on a torsion balance, after which they were placed in
on a volumeter consisting of a modified standard taper glass Joint.
o The male half of the Joint was fitted with a glass seal and the
AL distal portion of the female half was closed and a portion of a
7, graduated pipette fitted to it. The capacity of the chamber thus
ol formed was calibrated volumetrically.
- In an actual determination of the lung data, the lung was
B placed in the volumster and the amount of saline required to fill
on the chamber determined. This value was subtracted from that
1uid necessary to fill the empty chamber, the resulting figure being
ht the lung volums.
0890 In order to determine the volume of the air contained in the

lung, it is only necessary to reduce the atmospheric pressure about

the volumeter, determine the increase in volume due to expansion of

15
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the air in the lung and calculate its volume by an application of
Boyle's law.

In practice the height of the system as shown by the height
of the saline in the pipette is determined at atmospheric pres-
sure. The system is then placed in a decompression chamber and
the ambient pressure reduced to 500 mm., Hg., the volume reed, and
the system then recompressed. Originally the temperature of the
saline was determined at each step, but after a number of deter-
minations showed this to remain remarkably constant only one

determination was made, after return to atmospheric pressure.
The derivation of the formla used 1s as follows:

Let V; be the volume of saturated air at atmospheric pressure.
Vo be the volume of saturated air at reduced pressure.

Vigry be the volume of dry air at atmospheric pressure.
Vadry be the volume of dry alr at reduced pressure.
rwet be Vl-Ve.

Tary be Vidry-Voary,

P; be atmospheric pressure.
P, be the reduced pressure.

be the partial pressure of water at the observed

temperature.

Py, Pp, and PHQO are determined experimentally.

Then, Tary = rwet(?e‘PH202> (

V =7 - P
dry(iE ot Twet PE

1= Vld.ry P
P; - PEnO

V1 = Tyot <P2-PH (P2"PHO) (
Pl-P2 -PHO
o

J—————-—_———-—L
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By keeping P2, or the reduced pressure constant 1t is possible
to construct a table of corrections with only Pl’ the atmospheric
pressure and PHQO’ the water pressure as variables. When this is
done then the formula becomes

V) = Tyet X T
Where V; is the volume of air in the lungs
at atmospheric pressure, saturated at the

atmospheric temperature.

Tt is the volume increase In cc., and
f is the correction factory for the reduced

pressure and the temperature of the saline.

After such a determination on the partially collapsed lung had
been made, the damp was removed and the lung allowed to deflate at
atmospheric pressure. The clamp was then reapplie@ and the deter-
mination repeated. Thus the amount of ailr contained in the lungs
under the pressure relations existent both in the intact and open
thorax is determined.

It was found that the lung expansion was a straight line func-
tion of the barometric pressure at the pressures employed.

Data obtained by this method was employed iIn quantitating the
atelectasis, present as the result of the experimental procedures.
Determinations were made on normal rats that had not been
decompressed and these data used as the control figures. A group
of ten rats were then explosively decompressed dally for a varying

nunber of days each and then sacrificed. Another group, for reasons

17
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which will be made clear later in this paper were exposed to five : RESUI
oxplosive decompressions in as rapid sequence as the apparatus
Surv]
permitted and then sacrificed. S
All the rats used were male animals, approximately 150 grams
compy
in weight and were obtained from the same source (Small Animal
peric
. Industries, Harlan, Indiana).
& press
Autopsies were performed on all these animals. The thoracic
these
and abdominal viscera were routinely examined ‘and all visible
and s
pathology recorded. In addition, sections of the lung tissue were
made from certain of the animals and examined microscopically.
becau
The data were subJjected to statistical analysis by means of
a gen
the "t" test as described by Snedecor (1940).
decom
tion ¢
was b
abdom
about
usual.
qules:
of mi.
after
movem
about
perio
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RESULTS

Survival of dogs

All ten dogs used in the experiments survived explosive de-
compressions from 750 mm. Hg. to 30 mm. Hg. with subsequent
periods of 15, 30, 45 and 60 seconds respectively at the final
pressure. Six of the ten survived two minute periods. Two of
these survivors were exposed to a four minute stay at altitude
and succumbed.

Representative protocols are given 1n the appendix. However,
because of the marked similarity in the responses of these animals,
a generallzed description of the events following the explosive
decompression may be presented here.

Immediately following the explosive decompression, respira-
tion was observed to becoms deep and rapid. This hyperventilation
was brief, lasting only a few seconds and was affected by the marked
abdominal distension which occurred at this time. The dog collapsed
about six to eight seconds after the decompression. The animal
usually lay on his side and except for respiratory movements was
quiescent for a few seconds. At about 10 to 12 seconds, a series
of mild convulsions occurred. These lasted for several seconds,
after which the dog became quiescent egain, except for respiratory
movements which gradually became gasping in character and ceased
about thirty seconds after the explosive decompression. During this

period lacrimation, salivation and urination occurred. All of these

19
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fluids were bubbling when observed. Occasionally there was pro- ) tY
jectile vomiting and defecation. Shortly after this, (between We
thirty and forty seconds after the explosion) a second swelling e
could be observed. This generally appeered in the lower extrem- tt
ities or lower abdomen and progressed headward. It eppeared to a
be subcutaneous in nature, occurring first as a small distension lc
about two or three inches in diameter, and then suddenly extendling of
into the tissues adjacent to the original area. Thus, usually, the inm
area increased by a series of sudden, almost explosive, "pops" of va

the skin. Occasionally, these sudden progressions would be inter-
rupted by a slower, creeping extension of the area. Usually, all pr
the portions of the animal's skin would be affected, including the na
head and nose. This distension often became so great as to cause ra,
changes in the position of the animal., A swelling of the base of 8l
the tongue was observed occasionally. This organ beceme 80 distended in
as to completely fill the mouth cavity. in

Thirty to thirty-five seconds after the explosive decompression,

the eyes glazed and to all appearances the animal was dead. at
Upon recompression to 55 mm. the dog suddenly deflated and from in.
then on only abdominal distension was noticeable. When the chamber al
was opened upon arrival at atmospheric pressure, respiration had th
slready ceased in all animals kept at altitude for 30 seconds or 81
more. On the other hand, in all instances except two of the dogs al
miz

exposed for two minutes and both the doge exposed for four minutes,

20
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the heart was still beating. Two distinct types of heart beats
were observed. More frequently the beat observed directly upon
return to ground level was strong, irregular and slow (about
thirty per minute). When this beat was encountered it usually was
a double beat, 1.e., two beats occurring close together with a
long interval between the pairs of beats. The rate of this type

of beat gradually increased and became more regular. At approx-

ng

the imately four minutes after the explosive decompression, the rate

£ was about forty per minute and at ten minutes, about 7O per minute.

- Less frequently, the heart beat on return to normal barometric

11 pressure was weak and rapid, about 80 per minute, but of a regular

the nature. In general, those animsls which exhibited the weaker,

se rapid type of heart beat recovered more élcwly than those with the

of slower, stronger beat. Not only did the type of beat encountered

tended initially vary from animal to animal but also was inconstant for
individual animals,

ygsion, Respiration reappeared within thirty seconds after return to
atmospheric pressure. The initial breaths usually occurred as

1 from infrequent gasps, which gradually became more rapid and regular,

sher although they remained quite deep. After three or four minutes,

ad the majority of the dogs exhibited periodic breathing, which per-

e sisted for three or four minutes following which respiration was

o8 almost normel in character. This point was reached nine to ten

utes, minutes efter the explosive decompression.

21
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Several instances of hyperpnea following one or two deep gasps
were observed in dogs recovering from two minute exposures to the
final pressure. This was not seen in the same dogs when exposed

for shorter periods of time. In such instances periodic breathing

occurred less frequently.
It must be mentioned that the time relationships of the

circulatory and respiratory responses were essentially constant

for all the dogs and bore no relationship to ths length of expos-

ure to the final pressure as long as this time was one minute or
less. The responses were qualitatively the same when the two

- minute exposure was used, but recovery was delayed 25 to 30% since

the various stages were prolonged.
When exposed for a period of only fifteen seconds the dogs
did not stop breathing, and as far as respiration was concerned

were definitely in better shape than when at altitude for longer

periods. However, they also exhibited periodic breathing and the
time required for normal breathing to be evident was not much
shorter than that following the longer exposures. The heart

response did not differ from that following prolonged periods at

the reduced pressurs.

The corneal reflexes were absent in all animals at return to

normal pressure. These returned at times varying with the length

of stay of the animal at the terminal pressure. They reappeared

in three minutes when the stay at 30 mm. Bg. was thirty seconds or

22
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less. If the stay were U5 seconds, the reflexes returned in five

sps
j:e minutes, when the stay was 60 seconds, the reappearance occurred
£ at six or seven minutes, and when the period at altitude was two
ing minutes they did not reappear until about ten minutes.
When kept at the terminal pressuré for one minute, six of the
ten animals showed decerebrate rigidity after return to atmospheric
. pressure. The onset of this condition occurred at two different
o times and was correlated with the type of heart action observed
B immediately on return to normal pressure. Four animals which
exhibited the slow type of pulse went into decersbrate rigidity
Vi at about six minutes after the explosive decompressionf The condi -
tion disappeared completely three minutes after its appearance,
the forelegs relaxing slightly before the hindlegs. Two animals
:. which showed the fast, weak pulse went into rigidity lasting for
e 8ix minutes, nine minutes after the explosive decompression. It
;the was found that for a short time after recovery from decerebrate
rigidity the dogs could be thrown back into that condition by
applying pressure to the bottom of a foot. This reaction lasted
g about one minute in the hind legs and only a fraction of that time
in the forelegs. Occasionally it could not be elicited from the
e forelegs. In two animals which did not spontaneously go into
:gth rigidity, this condition was precipitated by applying pressure to
: the pads of the hind feet about nine minutes after explosive de-
:é compression. This was not attempted in the cases of the other two
8 or

animals,
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The rigidity was observed in all six of the animals which

were exposed for two minutes. It occurred at about six minutes

gu
after the explosive decompression and persisted for about four af
minutes. There was also a perlod following relaxation during th
which pressure applied to the foot pads would precipitate the
rigid condition. This state lasted about two minutes. Un
The decerebrate rigidity was followed, in about 60% of the o
instances, by running movements of the forelegs. N
At about ten minutes after the explosive decompression the o0
dogs began to show signs of consciousness. They would respond to o
gsound and to pinching of the soft tissue of the feet. This was
gsoon followed by attempts to stand. These responses were slightly, 30
but not markedly delayed in those dogs which had been at terminal e
pressure for two minutes. However, it was at this point that hai
differences between these animals appeared. When exposed for omne T
minutes or less, the animals were able to stand at about thirteen .
minutes after the explosive decompression and except for profuse N
galivation were apparently normal at the end of twenty minutes. it
Those dogs which recovered from two minutes exposure were not able e
to stand until 20 minutes after the explosive decompression and did o
not appear to be recovered until thirty minutes following the i
decompression. =
Eight hours after the decompression, all dogs appeared to be 43
fully recovered. The salivation had ceased and the appetite was i
good. No further effects were observed. .
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The salivation of these animals has beenbmentionsd and re-
guires eluclidation. This phenomenon started about L5 minutes,
after return to normal pressure. It occurred slowly at first,
the saliva being colorless and of a watery consistency.

A few experiments were performed on dogs delivered from the
University Small Animal House without being deparasitized. Those
animals were treated simllarly to the deparasitized dogs. The
results on these animals were inconsistent and some fatalities

occurred which were attributed to the poor condition of the

-0 animals.

Autopsy of three doge which were explosively decompressed to
1y, 30 mm. Eg. from atmospheric pressure, immediately recompressed to
2l normal pressure and sacrificed with nembutal revealed ecchymotic

hemorrhages of the lungs of all three. These wers not very exten-
aa sive and from previous experience were Judged to be compatible
s with 1life. A few small atelectatic areas were found and there
9 were several edematous areas in the lungs of two of the dogs. The
intestinal mucosa appesred to be inflamed and hyperemic. A large
ble number of parasites, both roundworms and tepeworms, were found in
S0 the intestinal tract. The hearts appeasred to be free of pathology.
The brains were not examined. FExamination of dogs whigh died as a
result of exposure to extreme altitude revealed extensive pulmonary
ke edema, hemorrhage and atelectasis. As might be expected in those
as

animals that died before breathing air at atmospheric pressure, all

the organs were markedly cyanotic, whereas, in those instances where
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death occurred after a period of time at normal pressure, this §E£!

condition was not present, the blood presenting a normal color.

It is interesting to note that in such of the deparasitized

res
animals as died, there was no inflammation present in the Zimi
intestinal tract, and only one of them had ény parasites pres- o
ent., In this instance only three roundworms were found in the ol
Jejunum. The lungs of these animals appeared to be quite edematous s
and hemorrhagic. Iarge atelectatic areas were visibls, as were lap;
also several emphysematous areas. The hearts appeared to be 52
normal. The brains were not examined. The only instance of a whfd
pneumomediastinum was found in one of the dogs which had been e
explosively decompressed from atmospheric pressure to 30 mm. Hg. mavej
and maintained for one minute in a preliminary experiment. ' There ~E
was no difference in the appearance of the lungs of this animal,
norm
however, from others. There was, for example, no massive atelec-
tasis or lung collapse as might be expected to occur.
Just
This
sion=
the s
the d
secon
deter
P slow
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Survival of Rats

ik When rats are explosively decompressed from atmospheric

e pressure to 30 mm. Hg. in 0.6 seconds the effects are quite
similar to those previously described for dogs. Immediately

o followlng the explosive decompression, there usually occurs a

2 short period of hyperventilation followed by a period of gasps.

Heuag During this gasping phase the rat loses consciousness and col=-

i lapses on the floor of the bell Jjar. Collapse occurs at about
eight seconds. This isusually followed by a period of convulsiomns

3 which occurs at between 10 and 11 seconds after the decompression

3 and persists for 4 or 5 seconds. Following the convulsion running

Hg. movements were observed. These lasted for three or four seconds.

At This is followed by a quiescent period which lasts until return to

o normal pressure and subsequent recovery.

slec-

As in the case of the dog, severe abdominsl distension occurs
Just following the decompression. The second swelling also occurs,
This starts at about thirty seconds after the explosive decompres-
sion° Usually the skin of the hind limbs is affected first with
the swollen aree proceeding headward as previously described for
the dog.

Respiration, as far as can be seen, ceases at about thirty
seconds. This is not a sharply defined point, and is difficult to
determine because the last three or four inspirations are rather

slow and appear to be made with great difficulty.

27




943

3

IT

o

nq

XO

18

32

gpuooes 06 10 ‘0g ‘oL ‘09 I0F pesodxe eJeom B3BI USTUM * £TeqeTdmoOo
PoaeA0OeT BUTY)BEIq POUMSSI YOTUM ©80Uq JO Ueses TTY °*eaussead
otaeydsowy® 03 WIN3OI I93J8 SPUOOSs (G2 JO empy oBetess us 38 Juld
-doys amey oyz ‘j0u PIp eeayy eTiys Lrsnosusjuods peyjlseaq STEWIUB
uey syj Jo usaeg ‘queosep uodn Lrejerpeumry jueesexd uotysatdsea
§BM OS8O OU U] °*389Q3I86Y B JO OOUSPIA® S§BM ©JIT JOJ Pesn UOLI
-03Ta0 oyl °peossexdmooox USUM SAITE oI8 STBUIUB Y3 TT® ‘eumssexd
TeUTJ 9® spuooes L3JTJ J63Je 3vU3 uees oq few 3T °I STYB8L UT Pes
~-goxdxe oxe dnoad 98I1J oyq ur sjuewmisedxe eyq Jo sjTnsed oY
* oPeyIIOWOY JUTFTNSSI UJTM SJUSH
-y0839%8 OT9PWSBIUdBIP £3] WOJIJ UJO} USeq PBY JIOATT Oy3 ‘3BI 6UO
ul °*Je3BT PessnOSTP ©q TTIA UYOoTys ‘Boeo peaunjdna TBUOTEBOOO JO
uojqdeoxe eyy y3ja £poq eyz Jo 3xed aeyzo Lus uy quesead LForoyszed
Jeyjo ou e exeyl ‘*Juepiae sT vTwexedAy uBTTs ¥ °USSs 30U 6B
§18B8306T038 JO §eeJy °*sBunT Y3 Jnoysnoayy peJaeq3eos sefeylIomsy
Te1yoceqed 3somre ‘TTems ‘meJ LTFurstaduns TeeAed TBINQUOU UJFTA
001Ja088 J03J8 pemaojxed sTewtus eseyyz uc seisdojuy *ej3oedsea
TITB Ul TemIou oq o3 Jseedde sTemius oy3 ‘eamnesead otxeydsomys
98 TBAJJIIB J63J8 SPWOOSE JO J033%mW B UTUYITM °*quesexd smoqdmls
oTqISTA Oou exe oJoy] uolssexdmooep eArsoTdxe eyj ae3je L1638}
-poumy seamssead Tewaou oj pessexdmooex exs s38I OYJ USUM
*UOTSUS}sTP TPUTWOPqe oyy JoJ 3deoxe
‘928 TOWIOU JO 6J8 STHUIUB O3 UYOTUA J03J% o3 cuwm GG qnoqe

e ‘unBeq sT uwolssexdmooex J69J®8 LT3IOUS 8INO00 UOTFBTFe(

geT sunp @1
THOT=969~IXMON *Of 310d8) UNPUEIOUS)T
UOTSTAT SUTJISBUTSUH




:nzineering Yivision
Jemorandum Report No. MCHEXD=696-1041
14 June 19L&

there was an increase in the number of fatalities at altitude and
also after return to atmospheric pressure. The figures for these
times at final pressure are quite similar and there ie no signi-
ficant difference in the response until the exposure is extended

to ninety seconds or more. The onset of spontaneous respiration

t also appears to occur at times which are related to the period at
terminal pressure. The 50 and 60 second rats fall in one group,
ce with an average of 102 seconds, the 70 and 80 second animals fall
al into a second group with an average of 129 seconds, and each suc-
agils ceeding increment in time at altitude resulted in a progressively
her longer interval before respiration.
ption The effect of various periods of preoxygenation upon the
In survival of rats following 100 seconds at 30 mm. Hg. is shown in
h- Table II. It may be seen that although thirty minutes of pre-
oxygenation exerts a definite protective effect, an additional
(pres- twenty minutes of breathing oxygen increases the protection to
final an apparent maximum since further increases to 75 minutee is not
crite- followed by additional protection.
ve.s The effects of anesthesia upon survival are shown in Table
ten ITI. It is evident, by comparison with the data objalned on un-
t stop- anesthetized animals at a comparable time at altitude (Table I)
pheric that the viability is increased. Using these data as controls,
red the effects of both decreasing and increasing abdominal pressure
conds ars compared in Table III. It may be seen, that the reduction of
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abdominal pressure by opening the abdomen proved to be of definite the t
advantage as a protection against the effects of the exposure. It succu
was also observed that this procedure altered the character of the ficia
terminal respirations. In place of the slow, labored breathing flow
characteristic of the intact animal, the respiration of these rats

was effortless and the instant of a sudden onset of respiratory 30 mn
failure easily determined. Although respiratory movements of the of fl
thorax were not evident until about 150 seconds after return to and u
atmospheric pressure, the diaphragm of animal with an open abdomen nated
could be seen to be moving, rhythmically immediately on return to amoun
ground level. This was observed in each case, by displacement of the 1
the abdominal viscera, and therefore could only be observed after rate .
the return to atmospheric pressure. An attempt to see whether the even
diaphragm exhibited these respiratory movements at altitude Pollow- until
ing cessation of visible thoracic movements was made by displacing abund.

the viscera before the explosive decompression. The 1lmpression was CCs
gainsd that movements occurred continuously but 1t was difficult to usual
observe them distinctly and therefore it is not certain whether or withis
not they are present. slowe:
When the intraabdominal pressure is increased by the injection occas:
of air, no effect on the responses studied was observed. These .
date are presented in Table III. were ¢
Eight rats which had been exposed to 30 mm. Hg. for 100 seconds ?"7"' o]
were given artificial respiration by manual compression and release of fluid
ionall
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the thorax. Only one breathed spontansously, the others all

nite

Ln succumbing within 250 seconds. One of the effects of the arti-

" £he ficial respiration was to increase the amount of oral and nasal

2 flow which is about to be described.

yata A pecullar characteristic response to exposure of rats to

-y 30 mm., Hg. for periods of twenty seconds or longer is a slow flow

the of fluid from the nose and mouth. This fluid is slightly viscous

o and usually has a pale straw color although it is sometimes contami-

iomen nated with blood cells. The time of appearance, rate of flow and

o £o amount of the fluid is dependent upon the duration at altitude,

& of the longer the stay, the earlier the appearance, the faster the

fter rate of flow, and the greater the amount. With slight exposures,

pikhe even of ten ssconds, the onset of this phenomesnon may not occur

ollow- until an hour after return to normal pressure. The flow was quite

acing abundant in the severe cases, spproximating a total of six or seven

on was ccs 1in ten minutes. When 1t occurred at this fast rate it was

wlt to usually quite frothy. In such instances death usually occurred

81 o within ten or fifteen minutes after the onset of the exudate. A
slower rate of flow meant a prolongation of the time of death, and

loction occasionally an animal survived.

d Autopsy of these animals revealed massive, hsavy lungs, which
were almost completely filled with the exudate, which would pour

Sasbnts out of the trachea at the slightest pressure on the lungs. The

St oh fluid would drip out of a cut surface of the lung tissue. Occas-

ionally free fluid would be founi in the intrapleural space. The
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I “ fluid had the appearance of blood plasma » and for reasons advanced
iini in the discussion, is considered to be a blood filtrate. g
\‘ ( The results of the experiments on the production of atelectasis "
f ’ are presented in the series of tables starting with Table IV s which : p
fiull represents the data on the normal controls. It may be seen that | .
; | the average amount of air contained in the lungs of these animals 5.
‘ amounts to 0.8 cc. The average weight of the lungs is 1.0 gram. A
‘ J which forms a ratio of the amount of air ber gram of lung tissue of ::
’ 0.8. These values are for the inflated lung. When the lungs are . E
‘ collapsed, these values become 0.47 cc. for the amount of air remain- ¢
ing in the lungs, and since the weight does not change, the ratio
‘\ of lung air to weight bedomes 0.47. The volumes also change from :::
1 1.70 cc. to 136 which results in a change in the specific gravity H
i of the lung from 0.61 in the inflated state to 0.75 when collapsed. 20
Il The data on rats explosively decompressed from atmospheric -
“\ 1 pressure to 30 mm. Hg. followed by immediate recompression, once 1:::
dally for various numbers of days are given in the succeeding
[ tables. There is no appreciable difference between the values of S ta
H the experimental animals and those of the control group until the .
“ 5 explosive decompression figures are reached. This may be more ia
easlly seen 1n Table X, which represents the average values for s
each group in one set of figures. .
‘ | Statistical analysis reveals that there is a significant de- S .
( ’ crease of the lung a.ir/lung weight ratio without any change in the i
welight of the lung when taken as the Dbercentage of body weight.
|
hl 52
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There is also a significant increase in specific gravity of the
experimental lungs as compared with that of the control lungs.
The "t" values are shown in Table II.

A tendency for the atelectatic state to be built up by suc-
cessive decompressions may be seen from the figures in Table X.
The lung volume and amount of air in the lung tends to decrease
with increasing numbers of decompressions while the specific grav-
ity of the inflated lungs increases. The values of the deflated
lungs appsar to be fairly constant until the fifth day.

When rats are explosively decompressed five times in rapid
succession, it is found (Tables XII, XIII) that there is a signi-
ficant increase in the specific gravity of the inflated lungs,
and a significant reduction in the amount of air per unit of
weight. There is no change in the amount of air contained in the
lungs, and although there is an increase in the weight of the
lungs, this is not significant.

When the animals are preoxygenated for fifty minutes the
effectes of daily decompressions for five days are less severe.
These results are expressed in Table XIV. It may be seen from
this that there are no significant differences in any of the de-
terminations between the control rats and those explosively
decompressed to 30 mm., Hg. with preoxygenation. Nor is there any

difference between the controls and a second group of controls

which breathed oxygen for the same period of time as the experimental
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animals. Differences between the oxygen controls and the experi- DISCU
mental animals, both with and without preoxygenation are essen-

tially the same as were obtained by comparison of the experimental e ot

groups with the air controls. 1 AT

It appears, therefore, that preoxygenation will protect i

against the formation of atelectasis caused by five daily explos- Ty

ive dec@ressiom to 30 mm. Hg. ;

Another effect of the breathing of oxygen is to cause an Sohir

increase in both the weight and alr content of the lung. Because and 1e

of the increased volume accompanying the additional amount of air, -

the specific gravity 1s not significantly affected. AT

Sscrifice and autopsy of these animals reveals in general only £luids

slight hemorrhages, a mild hyperemla, occasional edema and atelsc- T

tasis. These lungs present an entirely different picture quali- equilt

tatively than those of animals which have remained at terminal That t

pressure for longer periods of time and therefore were subJected blood

to a greater degree of anoxia. Rewove
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e DISCUSSION
S Tt was stated by Paul Bert that of the two possible causes
ental of abnormal symptoms at reduced barometric pressures the reduced
X oxygen tension was the chief factor, the effects of the reduced
ambient pressure per se being of little importance. This thesis
plos- has been confirmed by many workers since Bert.
In the experiments described in this dissertation two addi-
. tional factors have to be taken into consideration. The first,
aan and least important, of these is the rate of decompression, the
e second, the fact that the pressure with which the experiments
were concerned was below that of the vapor pressure of the body
al only fluids at body temperature.
telec- The fact that the tissues of the body rapidly come into
all- equilibrium with the atmospheric pressure was shown by Bert (1876).
ol That this 1s true 1s undeniable. If it were not for this fact, the
ycted

blood vousels and the body would explode upon ascert in an airpleas.
However, there is a delay in the equilization of pressure in the
ges fllled cavities of the body, the lungs, gastro-intestinal
tract, and the middle ear. All of these cavities are open to the
outside of the body and therefore the increased pressure caused by
expansion of the contained gases due to the reduction of ambient
Pressure can be dissipated by outward flow of the gas. This flow
takes definite time to occur and it is evident that when the rate

of decompression of the ambient atmosphere is greater than that of
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the cavity there will exist a relative positive pressure within
the cavity. The volume of the middle ear being relatively small
in comparison to the ability of the eustachian tube to conduct

the expanded gases, there is very 1ittle difficulty and practically
no discomfort from this source. The amount of expansion of intes-
tinel gases can usually be taken up by the elasticity of the GI
trect and elimination of the gas through the anus and mouth. The
chief source of danger in decompressions effected at very rapld
rates is the comparatively slow decompression of the lungs. The
bulk of the eir contained in these orgens has to pass through a
system of tubes before 1t reaches the exterior. In addition to
the resistence offered in the passage through the bronchioles,
bronchi and trachea, there is the additional constriction of the
larynx, all of which results in a bottleneck which significantly
delays the passage of the air, thus setting up a pressure wave
whose peak may be well over 100 mm. Eg. (Whitehorn, Edelmann and
Hitchcock, unpublished date).

When rates of decompression such as used in these experiments
are encountered, there i1s an immediate expansion of the air con-
tained in the lungs which exerts a relative positive pressure in
all directions. The thorax expands maximally but the rate and
amount of expansion is insufficient to take up the increased volume
of gas and the lung tissue is brought into violent comtact with the

thoracic wall with resultent damage. This pressure wave is also

%6
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distributed through the other tissues of the body and is believed
to be responsible for the slight hemorrhages occasionally seen in
the heart and brain (Edelmann et al., 1946)., It is entirely con-
ceivable that the maximal expansion of the thoracic cavity is
inhibited by the simmltaneous expansion of abdominal gases and
the concomitant increase in abdominal pressure which would inter-
fere with the descent of the diaphragm. In fact it would not be
surprising if the diaphragmatic movemsnte might be prevented or
if the abdominal pressure were greater than that of the thoracic
pressure, the dlaphragm might be pushed up into the thoracic
cavity thus increasing the pressure in this region.

It has been found that when rats and dogs are subjected to an
explosive decompression followed by lmmediate recompression there
are some hemorrhages found in the lungs, less often hemorrhages in
the heart and lateral ventricles of the brain. However, these are
slight and do not appear to affect the animal. If sacrifice is
delayed for 24 hours, repair is well under way and further delay
in autopsy results in disappearance of these areas.

Dogs undergoing daily explosive decompressions for a period
of weeks showed no effects at autopsy which was performed after an
Interval of months from the last decompression.

It is felt, therefore, that although this pressure wave exists,
its effects can be minimized as far as this problem is concerned

and therefore the rate is not important in this respect.
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As has already been pointed out, the distemsion which occurs Sile o
immediately upon the explosive decompression is the result of the e
expansion of the body gases, chiefly those of the gestrointestinal rats,
tract. This can be observed directly by decompressing the animal Guite
with the intestines exposed. Under these conditions an enormous ress:
expansion of the gut can be observed. At first glance it appears of thi
surprising that the intestinal tract would remain expanded while Sntast
at altitude. Gross observation, in the rat however, reveals that AT
fecal plugs occlude the large intestine and rectum thus blocking able t
the escepe of the gas from the rectum. It is thought that the rat by
only gas escaping from the mouth of this species is that present greate:
in the esophagus and oral cevity itself. The inability of the rat to exp:
to regurgitate is undoubtedly of significance in this regard. The Pressw
explusion of stomach or intestinal contents has never been seen in of the
the rat in over 500 explosive decompressions. In the dog, which i ation,
has a vomiting reflex, explosive regurgitation 1s a common occur- abdomir
rence. The vomitus usually contains fecal matter indicating that normal
intestinal as well as stomach contents have been expelled. ) opened
Upon deflation of the exposed rat intestine following recom- mechani
pression, the smooth muscle of the tract remains in the stretched animalg
condition giving the appearance of an enlarged, flabby gut. When ability
intact rats are decompressed and their intestines exposed follow- ation,
ing recompression the smooth muscle of the gut is found to be in the of view,

same stretched condition. This evidence by itself would lead to
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scurs the conclusion that the intestines were forced to expand in the
f the intact animel. There is also the fact that»in 2 per cent of the
stinal rate,death results from a rupture of the cecum. This structure is
nimal guite thin in the rat, especlally when distended. Undoubtedly the
mous pressure developing in the cecum due to gas expansion is the cause
pears of this pathology. While the number of rate decompressed with the
rhile intestines exposed 1s comparatively small, twenty in all, a ruptured
3 that cecum has never been observed in these animals. It is highly prob-
cking able that the expansion of the intestines is limited in the intact
the rat by the abdominal wall. This would lead to the development of a
esent greater intraintestinal pressure due to the inability of the gut
the rat to expand adequately. In turn, this would increase the abdominal
d. The pressure and therefore the pressure exerted on the abdominal side

seen in of the diaphragm thus tending to prevent its descent during inspir-

which ation. That the prevention of the development of this increased

occur- abdominal pressure enables respiration to occur in a relatively

ng that normal fashion was observed in those rats whose abdomens had been

opened before decompression. It is difficult to visualize the

recom- mechanism by which this procedure increases the tolerance of the ‘
etched animals., At first glance, it would appear that this increased }
. When ability to survive the exposure results from the unhindered respir-

follow- ation. These respiratory movements may be regarded from two points }
, be in the of view, that of pure respiration and that of circulation.

lead to
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Ventilation of the lungs 1s undoubtedly increased in those
animals with the open abdomen. However, thgf¥;spired air at a
pressure of 30 mm. Hg. would exert a partial pressure of oxygen
of only six mm. Hg., therefore, that oxygen would diffuse from
the blood into the alveolar air. Increased ventilation would
enhance this reversal of diffusion of oxygen by continually lower-
ing the oxygen tension of the lung air. Interference with

respiratory movements would decrease the ventilation and thereby

tend to keep the alveolar oxygen tension at a higher leven than
that of aniﬁals with relatively unimpaired respiratory movements.
A similer theory was advenced by Lutz (c.f. Lovelace, 1946) to
explain his results on the comparative survival of animals exposed

to pressures Jjust above and just below 47 mm. Hg. Lutz found

that a cat and rabbit exposed to the lower pressure could be revived

after return to atmospheric pressure, while those animals which had

been exposed to the higher pressure could not recover. This
phenomenon was thought to be due to the bubbling of gases in the
blood at the lower pressure which resulted in immediate cessation
of the circulation. The.blood oxygen was then available for the

tissues and was not lost through the lungs. This gas formation

did not occur at the higher pressure, therefore the circulation con-

tinued and in passing through the lungs the oxygen was lost to the

alveolar air.
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On this basis, it would be expected that the intact rats,
because of the impaired ventilation, would exhibit a greater
tolerance than those whose abdomens had been opened before de-
compression. The experimental results do not bear this out,
and the explanation must be sought elsewhere.

It is known that circulatory adJustments occur as the result
of anoxia (Van Liere, 1942)which results in the continued supply
of blood to vital centers at the expense of other structures. The
minuteness of this circulatory adjustment was demonstrated by
Fdelmann (Unpublished results) who found that certain cells of
one type, the Purkinje cell of the cerebellum, were supplied
with blood during a period of anoxia, thus enabling them to sur-
vive. Other cells, adjacent to those were deprived of oxygen by
constriction of the capillary supplying them with blood.

It is generally agreed thek the level of the systemic blood
Pressure is most important for cerebral circulation (Gellhorn and
Lambert, 1939). It is also obvious that failure of the circula-
tion would obviate any circulatory adJustments. Therefore, from
the point of view of maintaining the circulation, any procedure
to this end would be of benefit to the survival of the animal.

In the intact animal, the increased abdominal pressure would
affect circulation by interfering with venous return from the
abdomen and lower extremeties, by decreasing thoracic size by

upward deflection of the diaphragm, and by interfering with
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respiratory movements. ‘Circulatory embarrassment from these

causes would not be present in those animals with open ebdomens.
While it is true that the circulating blood would not con-
tain much oxygen, a minimum oxygen tension might be availaeble for

a longer period of time than if the circulation were to stop
completely.. The tension of carbon dioxide would be much lower in
those animals with continued circulation. In cases of stagnating

circulation this substance would be continually increasing and its

offects would be added to anoxia, resulting in a condition of

aspayxia.

™o other factors appear to disprove Lutz's theory. The first,

is the fact that preoxygenation and decompression 1n an oxygen
atmosphere affords some degree of protection to the animal. While
+he effects might be due entireiy to the increased oxygen tension
in the blood it is felt that this is only part of its protective

mechanism. The increased alveolar oxygen tension would result in

a smaller losa of blood oxygen via the lungs, thus maintaining the
nemoglobin satursetion at a higher level for a longer period of time.

The second factor 1s concerned with the formation of the intra-

vascular bubbles which Imtz postulated. In order for these to occur

the pressure inside the vessel must be reduced to less than 47 mm,

Hg. at body temperature. At the moment of decompression, the arterial

pressure is some 100 mm. Hg. above that of the ambient pressure. The

only portion of the circulatory system which might conceivably be at

) v Kt
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a sufficilently low pressure to permit vaporization of blood is that
consisting of the large veins In the thorax. However, if the flow
is continued, any bubbles which might form might conceivably be
swept into the heart where, under the pressures developed, the}
would be liquefled, or dissipated in the lungs. The mass vapori-
zation which ILutz postulates could not occur until the circulation
failed and would therefore be the result and not the cause of em-
barrassment.

The secondary swelling observed in these experiments was un-
doubtedly due to the low pressures to which the animals v;re
exposed. A pressure of 30 mm. Hg. is considerably below the vapor
pressure of the body fluids at body temperature and therefore it
is highly probable that the subcutaneous swelling is due to the
vaporization of water. This would represent the so-called boil-
ing of body fluids.

The subcutaneous tissues are affected to such a great extent
because they are soft, contain a great deal of stored water; and
are surrounded by the skin, which is distensible and normally hangs
lossely, and does not exert pressure on the underlying tissues.

The reduction of pressure which occurs at the instant of
decompression is transmitted to all the tissue of the ﬁody. The
water in the subcutaneous tissue, as well as other reglons of the
body, would then tend to vaporize. In certain tissues the tendency
for this vaporization to occur would be counterbslanced by the pres-

Sure of its structural components. For example, any attempt

L3
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at vaporization of fluid contained in the liver would be affected ot
by the pressure exerted by the capsule of this organ. This situa- boile
tion would not exist in the subcutaneous tissue as the skin would ' e
offer little resistance to expansion until actual stretching AR
occurred. As indicated by the popplngs previously described, the The v
resistance appears to be offered by the fascla layers, which when thoug
ruptured allow the continued expansion. Alioou

According to Harvey and his co-workers (Harvey, E. N., ot al.,

1944) a gas phase from or within a 1liguid depends in part upon the Saea
presence of bubble nuclei. These nuclei which are considered to publi
be submicroscopic gas bubbles have not been demonstrated in the explo
normal blood or tissues of animals by these investigators. (Barvey, 20°C.
E. N., et al,, 1944 A). However, the fact that vaporization of the v:
water can occur without the formation of the bubbles seen in boil- If the
ing can be demonstrated by the following experiment. A condom 18 press:
£11led with water which has been decompressed in order to remove this ;
the dissolved gases, tled so that no air 1s trapped, and then de- shows
compressed slowly to a pressure below that of the vapor pressure "
| of water at the temperature of the liquid. No bubbles are seen been 1
| to form within the system until the pressure reaches that of the was ot
vapor pressure of the fluld, then a ges phase starts to form In the ature
upper part of the condom, causing 1t to distend. This continues (19&2)
| slowly and then suddenly expands to & very large volume. There 18 at thi
‘ left at the bottom of the ocondom a small amount of water which does
| L
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not contain any visible bubbles. It is believed that the liquid
boiled, but the bolling proceeded entirely as a very rapid vapor-
ization of water from the surface. The surface phenomenon would
occur because the hydrostatic pressure of the water would prevent
the vaporizadon of the layers of liquid below the surface. It 1s
thought that this phenomenon occurred in the subcutaneous tissues
accounting for the secondary swelling.

Additional experimental evidence that the secondary swelling
is caused by vaporization of fluild is furnished by a recent un-
published experiment performed in this laboratory. A frog,
explosively decompressed to 30 mm. Hg. at room temperature, about
20°C., did not exhibit this swelling. This 1s due to the fact that
the vapor pressure of water at this temperature is about 18 mm. Hg.
If the body temperature of the frog is raised so that the vapor
pressure of the body fluid is above 30 mm. Hg., decompression to
this pressure results in an enormous expansion of the animal, This
shows that the expansion is due to vaporization of water.

The other symptoms which have been described in the dog have
been reported previously as the result of anoxia and no new evidence
wae observed which would relate them to any other cause. The liter-
ature has been adequately covered by Armstrong (1939), Van Liere
(19%2), and Smith (1946) and it would be superfluous to repeat it

at this time,
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Several ideas concerning the cause of atelectasis observed
following decompression have appeared in the literature (Kronecker,
1903; Bartlett, 1904; Zuntz et al, 1905; Spehl and Desquin, 1909;
Heger and de Meyer, 1912; Viale, 192h§ Schubert, 1930; Schnelder,
1932; Hurtade, 1932; Flelsch, 193k4; Drinker, 1945; Fegler and
Banister, 1946; Lutz, 1946) The majority of these papers, however,
are concerned with atelectasis in a very broad sense, taking any
decrease in vital capacity as an atelectasis. If, as has been
done in this dissertation, the term is taken to signify an actual
collapse of alveoli, only two possibilities appear. Atelectasis
is produced &s & result of the mechanical effects of decompression
or it is caused by anoxia.

One of the theories, advanced originally by Schubert (1930)
and considered as the best possibility by Fegler and Banister
(1946) 1s that exposure to low barometric pressures upsets the
normal eguilibrium which normally prevents the collapse of the
lung. The pressure on the pulmonary side of the alveoll decreases
relative to that on the pleural side thus causing the collapse.
This view is supported by the observation by Fegler and Panister
(1946) that a small positive intrapulmonic pressure prevents the
collapse. A second theory (Lutz, 1946) states that the formation
of bubbles in the intraplsural space and blood vessels within

the thorex exerts pressure on the alveoll causing them to collapse.
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Drinker (1945) in experiments performed on dogs subjected
to low tensions of oxygen at atmospheric pressure described a
pulmonary edema as the result of lncreased permeability of lung
capillaries caused by the anoxia. Because of a peculiar arrange-
ment of lymph channels in the lung, this exudate, which by chem-
ical analysis has been shown to be an ultra filtrate of blood,
collects between the capillary and the alveolar membrane causing
compression or rupture of the alveolus. In time, this exudate
proceeds up the pulmonary tree and passes through the nose and
mouth. In such cases the animal dies of asphyxiation., The
edema places an additional barrier to diffusion of oxygen from
the alveoll to the blood, thus enhancing the anoxia and causing
increased ceplllary damage. As shown by Drinker, any procedure
which would tend to increase the production and flow of lymph in
the lung would increase this effect. This would include hyper-
ventilation and artificial respiration produced by alternate
compression and relaxation of the thorax by squeezing and re-
leasing the thorax. Theoretically, the logical treatment of
the condition would be the application of intrapulmonic

positive pressure by means of introducing 100 per cent oxygen under

pressure. This would have three effects. The poslitive pressure
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%
would tend to open collapsed alveoll and also would decrease the .
would
diffusion pressure gradient of the plasma. The high concentration A -
: ical
| of oxygen would aid in the diffusion of oxygen to the lung capil- e
2 e this
| laries and reduce anoxia. U
| ) that
“ The results of the experiments reported in this dissertation
support this thesis in all respects. The symptoms observed are .
bubbl
jdentical with those reported by Drinker. In addition it was found ;
| : prese
| that artificial respiration caused increased edema as evidenced by
‘ forma
\ the oral and nasal discharge, and resulted in the death of the
* mecha
1‘ animals. It was also observed that the administration of oxygen
veati,
before and during the decompression alleviated the sedema and
other
1increased the tolerance of the animals. Drinker (1911-6) showed
press:
that the breathing of high concentrations of oxygen prevented
5
increased lymph formation.
after
Tt is therefore believed that the atelectasis produced in
tonus,
these experiments is the result of anoxia and not of the mechanical
ology.
effocts of the decompression. The results of Fegler and Banister
T
(1946) who thought that the action was mechanical since positive
5 immed 1
pressure insufflation prevented atelectasis can be explained on
cumlsg
the same basis as mentioned by Drinker (1946) and this report.
ive de
The positive pressure insreased the oxygen tension and also de-
Partic
creased the diffusion differential for the plasma., Fegler and h
o Cco
Banister (l9l+6) showed that decompression from a pressure of five
T
atmospheres to normal pressure did not result in atelectasis. It
concer;
measure
L3
|
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. e wouid appear that 1if this pathology were the result of a mechan-
Sl fas ical effect of the decompression 1t would certainly occur after
rio iy this decompression which was more than five times as great as
that from ground level to a fraction of ons atmosphere.
fation Fegler and Banister (1945) as well as Lutz (1946) observed
el bubbles in the blood vessels and other tissues of the body. The
55, Found presence of these bubbles in the pulmonary tissues led to the
e formation of Lutz' theory that atelectasis resulted from the
b mechanical action of these bubbles. However, both of these in-
oxygen vostigators as well as others who have reported bubbles in tissues
e other than blood, found them in animals who had died at reduced
e pressures.
ted It 1s thought by this author that the bubbles were formed
after death, as the result of the loss of blood pressure and tissue
. An tonus, and are the result of death and not the cause of the path-
nechanical ology. This point was discussed earlier in this report.
Banister The fact that daily decompressions to 30 mm., Hg. followed by
ositive immediate recompression result in atelectasis seems to be dus to
ned on cumulative effects of pulmonary damage resulting from the explos-
port. ive decompression. It 1s likely that such damaged areas would be
Lo ds - particularly susceptible to the anoxia which develops even under
or and the conditions of this experiment.
e of Iive The methods used in these experiments has yielded new data
esis. It concerning the normal rat lung. To the author's knowledgs no
feasurements of the amount of air containsd in the rat lung have
L9
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over been reported. In addition, this quantitative method for the {: .
determination of the degree of lung collapse has proved of definite . edem
value in this work as regards the cause of the increased specific : 3;90:
gravity of the lungs of the experimental animals. This can be ‘ decl:
geen from an analysis of the experimental results. When rats are air {

explosively decompressed daily, from atmospheric pressure to 30 mm.

Hg. for five days, & significant increase 1n the specific gravity being
of the lungs is observed. The lung air, lung weight ratio is in e
significantly decreased. This could be brought about by a decrease pert:
in the amount of air contained in the lungs, an increase in the whet!
welght of the lungs, or both. However, it was found that there 1s : Yo b
no change in the weight of the lungs so that the increased specific aifre

gravity must have been caused by a decrease in the amount of air in
the lung. Microscopic exemination of sections of these lungs
corroborates this finding, atelectatic areas being observed.

The specific .gravity of the lungs of rats is also significantly
increased as the result of five explosive decompressions in rapid
guccession. As in the instance of the group of rats recelving the
same number of decompressions over & five day period the lung air,
lung weight ratio is significantly decreased. However, the weight
of the lungs is significantly increased with no change in the
amount of air contained in the lungs. Therefore it must be con-
cluded that fluid, either hemorrhage or odema was the cause of the

incressed specific gravity. Gross examination of these lungs reveal

50
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r the large areas of hemorrhage. Microscopic examination shows slight
yPinite edema a8 well as hemorrhage and hyperemia. Using an increase in
»ific specific gravity as the sole criterion, these lungs would be

bo declared atelectatic when actually there was no reduction in the
8 are air volume at all.

30 mm. In a contlinuation of these experiments one group of rats is
avity being explosively decompressed once and a second group five times
B in rapid succession. Sacrifice anl lung mesasurements are being
lecrease performed one week after the decompressions in order to determine
the whether a period of time 1s required for the atelsctatic condition
nere 1is to be produced. The results, while still incomplete, show no
specific
2t differences between the lungs of these animals and the controls.
gs
11ficantly

1 rapid
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SUMMARY AND CONCLUSIONS

Rats and dogs have been explosively decompressed to a total

barometric pressure of 30 mm., Hg. with a subsequent period at

'this final pressure of from 15 to 240 seconis in an attempt to
determine some of the effects of exposure to ambient pressures
below the vapor pressure of body fluids at body temperaturs.

The procedure used was that described by Whitehorn, Lein
and Edelmann (1946).

Exposure to this low pressure resulted in the following series
of symptoms., Immediately following the decompression, the respira-
tion becams deep and rapid and marked abdominal distension occurred.
This was followed by the collapse of the animal which took place
slx to eight seconds after the decompression. Mild convulsions
usually occurred at ten to twelve seconds following which the dog
beceme quiescent except for occasional respiratory gasps. Respir-
atory movements appeared to cease at about thirty seconds. During
this period lacrimation, salivation and urination occurred, all of
these fluids bubbling on emission. Occasionally there was projectile
vomiting and defecation. Between thirty and forty seconds after
the decompression, a second swelling was observed. This generally
appeared in the hind limbs or lower abdomen and progressed head-

ward in a series of "pops" of the skin, until finally all portions

of the animals' skin was affected. This included the head and mugzle.
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This distension often became so great as to cause changes in the

position of the animal. Occaslonally a swelling of the base of

otal the tongue completely filled the oral cavity.
't Thirty to thirty five seconds after the decompression the eyes
to glazed and the animal appeared to be dead.
res Upon recompression to fifty five millimeters the dog suddenly
. deflated, only the abdominal distension being noticeabls.
in At return to atmospheric pressure, respiration was evident
only in those dogs which had remained at thirty mm. Hg. for thirty
g series seconds or less. The heart was beating in all instances except in
raspira- two out of ten dogs which had remalned at altitude for two minutes
ccurred. and in both dogs exposed for four minutes. Two types of heart beat
place were observed, a slow, strong, double beat and a weak, rapid beat.
3ions Within thirty seconds after return to ground level, respira-
the dog tion reappeared as infrequent Basps which gradually becams more
Respir- rapid and regular. Periodic breathing usually was observed. This
During lasted about three or four minutes after which respiration appeared
, all of to be quite normal. ‘
proJectile The circulatory and respiratory symptoms following exposures
 after for periods of timé up to two minutes were constant as regards
zenerally their time relationships. After two minute exposures prolongation
. head- of the various stages occurred which resulted in a lengthened time
portions of recovery.

i and muzzle.
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Several effects on the nervous system were observed. Corneal el

: reflexes were absent for periods of time varying from three minutes inanim
to ten minutes following stays at altitude of thirty seconds to ‘ ¥
two minutes respectively. A condition of decersbrate rigidity was simila:
observed in sixty per cent of the animals maintained at altitude e X
for one minute or more. The rigid condition generally was followed es to
by running movements of the forelegs. point 1
At ten minutes following return to normal pressure the dogs e outo:
began to regain consciousness. Following exposures to thirty milli- 18 take
meters of mercury for one minute or less the dogs were able to et
stand at ebout thirteen minutes and except for profuse salivation the lur
appeared to be normal at twenty minutes. When exposed for two Ar
minutes standing occurred at twenty minutes and recovery at thirty Re
minutes. P rax
A11 ten dogs survived exposures of fifteen, thirty, forty five increas
geconds and one minute. Six of ten survived stays at altitude of lcally
two minutes while both dogs exposed for four minutes died. thus gl
Tt is believed that all symptoms except the abdominal disten- In

sion and subcutaneous swelling were the result of anoxis. The the per
abdominal distension was dﬁe to the expansion of the intestinal e
gases. i eor
The subcutaneous swelling wes thought to be due to the vapor- idn. pry
develope

jgation of water which occurred as a result of lowering the ambient

pressure below forty seven millimeters of mercury which is the vapor

5L
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pressure of water at body temperature. Experiments with frogs and
inanimate systems corroborate this conclusion.

The experiments on the tolerance of rats reveal results
gimilar to those obtalned on the dogs except that recovery was
more rapid. It was found that although dogs could tolerate expos- .
ure to thirty millimeters for about two minutes the comparalls
point for the rat was about one minute. Preoxygenation for fifty
minutes increased the tolerance of the rat to high altitude. This
is taken to indicate that anoxia is the chief factor in this respect.
A method for the determination of the amount of air contained in
the lungs of animals was devised and applied to the rat.

Anesthesla decreased the tolerance of the rat.

Removal of the effect of increased abdominal pressure on the
thorax by slitting the abdomen before decompression resulted in
increased survival. The mechanism of this 1s considered theoret-
ically to be due to the decrease interference with the circulation,
thus allowing some degree of circulatory adaptation the anoxia.

Increasing the abdominal pressure by injection of air into
the peritoneal cavity prior to decompression had no effect upon
survival. It is thought thét this signifies that a maximum effect
18 exerted by a given abdominal pressure and any lncrease beyond
this pressure would have no action. This maximal pressure 1s

developed in the intact abdomen without additional air.
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One of the characteristic effects of the exposure of the rat

to thirty millimeters of mercury is the oral and nasal discharge in th
which occurs after return to atmospheric pressure. This fluid vﬁxfi_ atele
resembles plasma and 1s thought to be due to increased lymph | { 3 3 Qining
formation in the lung, resulting from conditions to be described. . B oo
The amount and time of onset of this discharge varies with the  requi
length of time at altitude. _. of Bo;

It is thought that the luné capillaries are subJjected to g
enoxia as the immediate result of the decompression as thelr oxygen rate w
supply comes directly from the alveolar air. This anoxia, elther averag
directly or indirectly through some intermedlate such as histamine, is 1.7
causes an increased permeability of the lung capillaries resulting These
not only in increased fluid pessage but also in the transfer of under
proteins., Thus the osmotic pressure of the fluid in the tissue . When a.
spaces adjacent to the pulmonery capillaries increases tending to “air is
cause a stillvgreater diffusion of fluid from the capillaries. and th
This fluid berrier causes increased difficulty for oxygen diffusion I
and the anoxla is enhanced. Thus a vicious circle is established. pheric
Due to the anatomical arrangement of the lung lymphatics, there is : immed is
"a bottleneck in the pathway for drainage and a back pressure is ficant]
established. This pressure causes collapse of some alveoll and there
rupture of others. 1In this way fluid enters the pulmonary system ‘ signify
and because of the intraslveolar foremen, displaces air in adjacent Weight
alveoli and proceeds to the bronchioles, bronchi, trachea and then mental

out through the nose and mouth.
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A method for the determination of the amount of air contained
in the lungs was devised and applied to the study of edema and
atelectasis in the lungs of rats. This ﬁethod consists of deter-
mining the amount of expansion of the lungs when subjected to
decreased barometric pressure. Calculation of the amount of air
required to produce this increased volume is made by an application
of Boyle's Law.

The average volume of air contained in the lungs of normal
rate with an average body weight of 154 grams is 0.8 cc. The
average weight of the lungs is 1.0 grams and the average volume
is 1.70 cc. This yields a calculated specific gravity of 0.61.
These values are for lungs in the inflated condition, that is,
under thelpressure relationships existent in the intact thorax.
When allowed to deflate under atmospheric pressure the amount of
air is reduced to 0.47 cc., the volume of the lung to 1.36 cc.
and the specific gravity increases to 0.75.

It is found that after an explosive decompression from atmos-
pheric pressure to thirty millimeters of mercury followed by
ilmmediate recompression, the lung values were not changed signi-
ficantly. However, after five such decompressions in five days
there is a significant;dééfeaée in specific gravity with a
significant decrease in the volume of air in the lung. As the

welght of the lung does not change it 1s believed that the experi-

mental procedure resulted in atelectasis.
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1f five such decompressions are accomplished in as rapid suc-
cession as possible there 1s no decrease in lung volume but both
the weight and the specific gravity increase significantly. This
is the result of hemorrhage and not atelectasis. These conclusions
are corroborated by histological examination of the lung tissues.

It was thought that the atelectasis could be brought about
as the result of the anoxia or as the consequence of the mechanical
changes occurring inside the thorax. Preoxygenation was found to
prevent the development of atelectasis following guch procedures,
therefore it ie thought that the atelectasis results from the anoxia,
probably as & result of increased f£luid in the lungs. The fluid
is formed by the increased permeabllity of the lung capillaries a8
previously described.

These experiments have opened up paths for additional research.
At present, the lung air method is being utilized in additional
investigatlions on the formation of atelectasis and in the study of
capillary permeability. An attempt is being mede to prevent the
increased lymph formation in the lung by the use of substances known
to decrease permeabllity. Similar studies on the lung alr are being
jnitiated in the dog since this species appears to be less susceptible
to the production of atelectasis than the rat.

The factor of bubble fPormation cannot be entirely discounted

and experiments designed to gtudy this phenomenon are under way.
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Table I

The Effect of Increasing the Time at Altitude after Explosive Decompression to
30 mm. Hg. Ten Rats in Each Group

Tex®

e

Av, Time Av,. Time No. That No. Died No. of
Time of onset Cessation No. Alive resumed Av. Time after Av, Time rats sur-
at of convul- of respi- at return breathing of first return to of viving
30 mm, sions ration to ground spontan- breath ground death 24 hours
Sec. Sec, Sec. level eously Sec. level Sec, or more
50 10.8 32 10 7 104 3 253 7
60 10.0 3k 8 b 100 6 232 2
70 10.4 31 g 5 129 6 246 3
80 1.1 29 7 L 129 6 213% ¥
90 30 9 35 148 6 226% 3
95 4 1 195 4 430 (0}
100 11.3 39 5 1l 215 5 230 0

*Cecum ruptured in one animal
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‘ ‘ Table II

The Effect of Periods of Preoxygenation on the Survival of
Rats after 100 Seconds Exposure to 30 mm. Hg.
Ten Rats in Each Group

TNo. Alive No.
at return breathed Av. Time No. Alive
Group to ground sponta- of breath. at end of
level nsously 8econds one hour
Air Controls 5 1 215 0
1
| Preoxygenation
30 min. g 3 166 3
50 min, 10 10 153 5
75 min. 10 9 163 b

6l
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Table III

The Effect of Anesthesia and Varying Abdominal Pressure
on the Survival of Rats

Each group consists of ten rats anesthetized with Nembutal
54 : (0.01 cc/20 gm.) and explosively decompressed to 30 mm.

with subsequent stay of 75 seconds,

~ No Alive No.
at return breathed No. Alive
Group to ground sponta- at end of
level neously one hour
Controls 10 ik 0
Open Abdomen 10 9 T

Inflated Abdomen

! *1 cc. Air/100 g. |
, Body Weight i 0 0 |

**3 cc. Alr/100 g.
Body Weight 2 0 0

%5 cc. Air/100 g.
Body Weight 2 0 0

##10 cc. Air/100 g.
Body Weight 2 0 0

* Only four rats used.

**0nly two rats used.
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Table IV g 5 8
g
Lung Measurements \o§ =
Control Rats gg’mc
g -
Inflated + s colmgsei 03 E
~— Lung Alr Tung 1Iung Lung Air W
3[:0“ I::? Bod.y$ ];;?f Ailn:g Lung Wt. Spec. Vol. Air Wt. Spec. ? S
vggut. gms. Wwt. cCe cc. cc/am. Grav. cc. cc. o© agl. Grav. .
146 0.97 0.66 1.57 0.69 0.71 0.62 1.20 0.37 0.38 0.81 %
N 160 0.95 0.69 1.77 0.86 0.91 0.54 1.30 0.48 0,51 0.73 \&
136 1.11 0.82 1.72  0.77 0.69 0.65 1.37 0.43 0.39 0.81 "
170 1.02 0.60 1.65 0.60 0.59 0.62 1.39 0.43 0.42 0.73 3]
162 0.95 0.59 1,58 0.75 0.79 0.60 1.32 0.50 0.53 0.72
| 165 0.99 0.60 1.50 0.69 0.70 0.71 1.29 0.h43 0.43 0.77
1 160 1.22 0.76 2,06 0.9k 0.77 0.59 1.65 0.6k4 0.52 0.Th
i 149 1.15 0.77 1.86 0.79 0.69 0.62 1.5 0.38 0.4 0.79
‘ 160 0,96 0.60 1.83 1.05 1.09 0.52 1.37 0.60 0.63 0.70
135 0.93 0.67 1.59 0.75 0.81 0.58 1.29 0.47 0.51 0.72
i 6 0.k 0.47 0.75
154 1.03 0.68 1.70 0.79 0.78 0.61 1.3 0.47 . é
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Table V

Lung Measurements

Rats Explosively Decompressed for Ons Day

Body Lung % Lung Luizflated Alr Lung ng;lapsed Alr

L o e e an T A il Sy
176 1.15 0.65 2,00 1.06 0.92 0.58 1.65 0.62 0.54 0.70
180 1.1 0.62 1.99 1.00 0.90 0.56 1.63 0.58 0.52 0.68
165 1.10 0.67 195 0.7 0.70 0.63 1.50 046 0.42 0.73
169 1.10 0.65 1.78 0.90 0.81 0.62 1.57. 0.5 0.49 0.70
168 1.05 0.63 1.79 0.93 0.89 0.59 M 0.5% 0.50 0.7k
186 1.00 0.5k 1.7% 0.87 0.87 0.58 1.58 0.66 0.66 0.63
180 1.03 057 1.8 0.56 0.5k 0.70 1,35 -0 0.ko 0.76
150 0.90 0.60 1.50  0.75 0.83 0.60 - 1.25 0.48 0.53 0.72
178 1.1% 0.65 2,12 1.16 1.01 0.5k 1.65 0.69 0.60 0.70
190 1.36 0.72 1.87 0.68 0.50 0.73 1.76  0.46 0.3k 0.77
1742 110  0.63 1.80  0.87 0.80 0.61 1.54 0.5 0.50 0.71
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Table VI §§ @
Pl *50 o
Lung Measurements 3 E
Rats Explosively Decompressed for Two Days & o
=3
—__Inflated _____ Collapsed =
Body Lung % " Iung Lung Tung Air Iung ILung Tung Air =
wt. Wt. Body Vol. Air Wt. Spec. Vol. Air Wt. Spec. g
N s . gms . wt. CCo CCo, cc/gm. Grav. CC., CC., cc/gm. Grav %
295 0,89 0.51 1.8 0.76 0.85 0.60 1.18 0.53 0.60 DTS ﬁ%
=
180 1.25 0.69 2,21 1.05 0.8k 0.57 1.76  0.57 0.46 0.71 &
17h 1.09 0.63 1.56 0.65 0.60 0.70 1.46 0.55 0.50 0.75
180 1.12 0.62 1.55 0.50 0.45 0.72 1.31 0.36 0.32 0.85
171 1.2% 0.73 1.7% 0.1 0.57 0.71 1.29 0.53 0.43 0.96
194 1.09 0.56 1.68 0.82 0.75 0.65 1.48 0.73 0.67 0.7Th
185 1.12 0.61 1.7 0.9% 0.84 0.64 1.54 0.61 0.5k 0.73
165 1.19 0.72 1.59 0.69 0.58 0.75 1.38 0.48 0.40 0.86
162 0.91 0.56 1.39 0.62 0.68 0.65 1.27 O0.k2 0.46 0.72
157 0.91 0.58 1.30 0.68 0.75 0.70 1.28 0.4k 0.48 0:T1

Av. 174.3 1.08 0.62 1.65 O0.7Th 0.76 0.67 1.0 0.52 0.53 0.78
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1.30 ; 0.53 0.78
| 0.76 0.67 T
0.62 1.65 0.T4
Table VII
Lung Measurements
Rats Explosively Decompressed for Three Days
Inflated Collapsed

‘I;;f .‘I&.ui:g ﬂ_‘ﬁz_f Spec. #g?f iﬁ;.:g flér Spec.

CGC. cc, cc/gm. Grav. cc. cc. cc/gm Grav.
1.78 0.80 0.76 0.59 101 05T 0.54 0.70
2,00 0.92 0.7k 0.62 1.68 0.57 0.46 0.7k
1.50 0.66 0.66 0.67 1.29 0.35 0.35 0.78
1.61 0.88 1.03 0.53 1.34 0.55 0.65 0.63
1.72 0.80 0.79 0.59 1.39 0.59 0.58 0.73
1.52 _0.75 0.70 0.70 1.5 0.50 0.47 0.76
161 0.79 0.85  0.58 1.50  0.54 0.58 0.66
1.78 0.60 0.k44 0.76 1.61 0.36 0.26 0.8%
2.50 1.10 0.65 0.68 2.30 ‘8.73 0.43 0.74
1.81 0.97 0.97 0.55 1.38 o0.62 0.62 0.72
1.78 0.83 0.76 0.63 1.53 0.5k 0.49 0.73
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Table VIII o g— 4.5
g5
Lung Measurements g§ o
Rats Explosively Decompressed Dalily for Four Days - E
_____Inflated —_ Collapsed _ i E.
Body Lung % Iung Lung Tung Air. Iung Lung Lung Air o5
Wt. Wt. Body Vol. Air L\m7 Wt. BSpec. Vol. Air Wt. Spec. =
gms . aus . Wt. cc. _ GC. cc/em Grav. cc.  GO. cc/em Grav. T
158 0.93 0.59 1,33 0.54 0.58 0.70 1.28 0.39 0.42 0.73 %
175 0.9% 0.54 1.66° O, 75 0.78 0.57 1.43  0.47 0.50 0.66 \f
-~
i 190 1.20  0.63 2.05 0.8%  0.70 0.59 1.87 0.56 0.47 0.64 £
169 1.00 0.59 1.38  0.59 0.59 0.72 1.26 0.43 0.43 0.79
157 1.08 0.69 1.61 0.68 0.63 0.67 1.39 0.h2 0.39 0.78
161 0.95 0.59 1.60 0.7k 0.78 0.59 1.46 0.47 0.49 0.65
177 0.94 0.53 1.28 0.58 0.62 0.73 1.23 O.44 0.47 0.76
160 1.30 0.81 2.26 1.15 0.88 0.58 1.84 0.71 0.55 8.71
159 0.99 0.62 1.37 0.56 0.57 0.72 1.24 0.42 0.42 0.80
179 1.36 0.76 1.92 0.8h 0.62 0.7 1.60 0.60 0.4k 0.85
Av. 168.5  1.07 0.64 1.6+ 0.73 0.68 0.66 1.4 0.49 0.46 0.74




AV. 168.5 1307 o.bu

e
eS8
Table IX P g, ;3
O =
Lung Measurements %j“"
Rats Explosively Decompressed Daily for Five Days g g
5 Tnflated — TGollapeed G
Body Lung % Iung Iung Tung Air Tung  Lung Iung Air 55
wt. Wt. Body Vol. Air . Spec. Vol. Air Wt. Spec. 4
aus . aus . wt. CCe CC. cc/gnm, Grav. CCe cC. cc/gm. Grav. 8
180 1.03 0.57 1.69 0.75 0.73 0.61 1.0 o.h 0.4 0.7k é
ﬂ
e 179 1.08 0.60 1.8 0.58 0.54 0.73 1.30 0.38 0.35 0.83 %\
[t
169 1.07 0.63 1.58 0.68 0.64 0.68 1.34  0.43 0.40 0.80 ’E
184 1.23 0.67 1.68 0.7k 0.60 0.73 1.56 0.k 0.33 0.80
165 1.00 0.6l  1.39 0.55  0.55 0.72 1.35 0.k 0.40 0.7k
150 1.14 0.76 1.57 0.59 0.52 0.73 1.47 0.4 0.35 0.78
170 1.05 0.62 1.07 0.59 0.56 0.98 0.94% o0.k2 0.%0 1.12
205 1.00 0.49 .42  0.57 0,57 0.70 1.33 0.4k 0.4k 0.75
194 1,32 0.68 1.87 0.63 0.48 0.71 1.65 0.hk 0.33 0.80
180 1. 0.78 3,16 0.86 0.61 0.65 1.80 0.57 0.40 0.78

Av. 177.6 1.13 0.64 1.59 0.65 0.58 0.72 1.41  0.43 0.38 0.81




Table X

Average Values of ILung Measurements of Rats Explosively
Decompriessed. Daily for Varying Number of Days

ghet sunp T

*oN Fxoday umpueIowsyy
UOTSTATQ Sutxssutduy

10 Rats in Each Group Except as Others Indicated

Inflated %) Collapsed
Body  Iung % Iung Iung Lung Alr Imng Iung Lung Air =
Group Wt. wt. Body Vol. Air Wt. Spec. Vol. Air . Spec. =
ams . gms, wt. CC. CCe cc/em. Grav. CC. cC., cc/gm. g
3 Controls 154 1.03 0.68 1.70 0.79 0.78 0.61 1.36  0.47 O0.47 0.75 é;
: T
1 E. D, 17k 1.10 0.63 1.80 0.87 0.8 0.61 1.5 0.5% 0.50 0.71 s
=
2 E. D. 174 1.08 0.62 1.63 0.7+ 0.76 0.67 100 0.92. 053 ‘0,78
3 2. D 174 1.12 0.65 1.78 . 0.85 0.76 0.63 1.53 0.54% 0.49 0.73
4 E, D. 169 1.07 0.64 1.6+ 0.73 0.68 0.66 1.6 0.49 0.46 0.Th
58. D, 178 1.13 0.6k 1.59 0.65 0.58 0.72 1.4 o0.43 0.38 0.81
5 E. D. gt
in one day 170 1.39 0.83 2,00 0.77 0.57 0.69 1.78 0.53 0.% 0.78
11 E. D.* 179 i1l 0.62 1.64 0.68 0,61 0.70
*3 Animals
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Table XI
Significance of Data on Atelectasis Following Various
4 Numbers of Explosive Decompressions as
| Determined by Values of "t".
Each analysis represents 18 degrees of freedom,
Values of "t" of 2,101 and 2.878 or greater are

required for eignificance to the 5% and 1% levels

respectively.
T Values
3 1 Inflated Collapsed _
eyl woigw Tomwe oo  Eelr e
Controls vs. :
: 1. E. D. 1.493 5% i S AL 0.668  2.166 ;
2. E. D. 1.576 0.323  2.591 1.443  0.887 ;
: 5. E. D. 168 % o6k 0767 0.469  1.086 f
: L. E. D. 1.049 1.800  1.969 0.475  0.579 %
5. E. D. 0.293 3.907%  3,362% 3.286% 1,658 @

* Significant of 1% level.

73




REE
B B
Table XII ES 28
°gs
Lung Measurements $§ B
Rats Explosively Decompressed Five Times in Rapid Succession g&pm
g
o
Tnflated — Gollapeed & %
Body Lung % Iung Iung Tang Air Spec. Tung ILung Tung Air  Spec. 29
Wt. Wt. Body Vol. Air, . Wt. Grav. Vol. Air Wt. Grav. -
ams . ans., Wt. CC. cC., cc/gm. cC. cG. cc/gm. 5
204 1.19 0.58 1.88 0.9% 0.79 0.63 1.76 0.73 0.61 0.68 %
204 1.39 0.68 2,05 0.89 0.6k 0.68 1.77 0.62 0.45 0.79 \f)\
174 1.35 0.78 1.92 0.69 0.51 0.70 1.68 0.50 0.37 0.80 Eé
178 1.52 0.85 2,19 0.82 0.54 0.69 1.97 0.56 0.37 0.77
170 1.19 0.70 1.98 0.91 0.76 0.60 1.79 0.56 0.U47 0.66
176 1.34 0.76 2,05 0.9 0.67 0.66 1.78 0.54 0.4%0 0.75
154 1.45 0.9k 1.85 0.55 0.38 0.78 1.77 O.k2 0.29 0.82
156 1.18 0.76 1.76 0.68 0.58 0.67 1.51 0.49 0.42 0.78
148 1.27 0.86 174 0.59 0.46 0.73 1.58 0.49 0.39 .0.80
138 1.97 1.43 2,55 0.76 0.39 0.77 2,18 0.40 0.20 0.90

170 1.39 0.83 2,00 0.77 0.57 0.69 1.78 0.53 0.%0 0.78




Table XIII

The Effect of Five Explosive Decompressions
in Rapid Succession on Atelectasis

: —Inflated __Collapsed

Body Lung Iung Tung Lung Alr Iung Tung lung Air

wt. Wt. Body Vol. Air Wt. Spec. Vol. Air « Spec.

ams, aus, Wt. cC. cc, ecsgm — Gray. (1 CC. cc/gm. Grav,
Controls 154 1.03 0.68 1.70 0.79 0.78 0,61 1.36 0.47 0.47 0.75
5E. D, -
one dey 170 1.39 0.83 2,00 0.77 0.57 0.69 1.78 0.53 0.4 0.78
"t" values 2,038 0.800

*Significant to 1% level. :

3.202% 3.468% 14755
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E Table XIV po gk 2
| Esd 9
The Effect of 50 Minutes Preoxygenation :),8- §, {
on the Production of Atelectasis }_QS & |
i 0 :
Inflated _Collapsed 2 :U |
Body Iung % Lung Lung Lung Air Lung Iung Lung Alr 154
Group vt. wt. Body Vol. Air Lung Wt. Spec. Vol. Air L . Spec. sy
gms, gms., Wt. cc. cc. :27@ Grav. cC. oC. :27@ Grav. o
Air Controls 15& 1.05 0.68 1,70 0.79 0.78 0.61 1.36  0.47 0.47 0.75 é
0, Controls 179  1.13 0.63 1.99 0.95 0.85 0.57 1.67 0.57 0.51 0.67 E
3 0o 5 E. D. 190 1.27 0.67 2.05 0.8% 0.66 0.62 1.79 0.53 o.he 0.71 ‘él ‘
[y |
Air 5E.D. 178 1.13 0.64 1.6k 0.73 0.68 0.66 1.4 0.49 o0.46 0.74 % !
1" Values !

Air Cont. ve. 5 E. D. 2.038 3.202% 3.468% 1.756 0.800 |

-A.ir conto YB. 5 Eo Do 02 0.768 2.0% 10120 1060 1038

Air Cont. vs. O, Cont. 1.469 0.793 1.279 1.005 4. 00%

0, Cont. vs. 5 E. D. Air 0.341 3.,206% 3,941% 1.315 3.66%

0, Cont. vs. E. D. O, 1.603 2.101 2,083 2.481 2.051 |
|
|

*Significant to 1% level.
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