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FOREWORD

This manuscript was prepared in 1950 by Dr. Adler and has
never been formally published. Notes have been passed from
hand to hand, and references are given in many publications on

. decompression sickness to ‘“Adler, H. F. Dysbarism. Unpublished
Report.” This report is regarded as a classic review by many
investigators; it has withstood the test of time. To make this
report available to all interestea persons, it is being published in

its original form.
w 5741 C-Qw

ROBERT G. McIVER

Major, USAF, MC

USAF School of Aercspace Medicine
Physiology Department
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DYSBARISM

INTRODUCTION

This reviev is devoted to a detailed discussion of the various
aspects of dysbarism, vhich is 2 new term replacing that of ‘de-
compression sickneus.” Many theoretic as well as experimental
observations are presented, all of which are believed to be of
interest and of importance. It cannot be overemnhasized, however,
that the greatest material benefits will be derived if constant ef-
forts are made to keep clearly in mind the classification of
dysbarism. Mincr facts and details should not be allowed to
obscure the more important general principles. It is definitely
advantageous, for example, to make frequent reference to the
principles of atmospheric physics—especially the factors related
to the behavior of gases at altitude. It will be noted that the
various aspects of aviation physiology are closely related and that
an understanding of them is largely a matter of integrating newly
presented material with what has gone before.

Dysbarism i3 a term used to mean the symptoms and signs
resulting from all changes in barometric pressure. For the vurpose
of our discussion, however, most of the emphasis will be placed on
changes in barometric pressure in which the total chauge in
pressure is less than 760 mm. Hg as occurs in altitude dysbarism.
Caisson disease consists of symptoms which result when humans
have been exposed to high pressures and then are decompressed
to lower rpressures, the latter pressures being atmospheric or
greater. Caisson disease will be considered only when such dis-
cussions are of general comparative interest or serve to aid in an
understanding of the phencmena encountered in aviation medicine.

1
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One should clearly keep in mina the concept that at sea level
the barometric pressure is 760 mm. Hg and, no matter how high
the aviator ascends before descent to sea level is made, the dif-
ferential pressure between his peak altitude and that at sea level
is some value less than 760 mm. Hg.

In comparison, the diver or workman in a diving bell, which
is at a depth of several hundred feet below the surface of the sea,
can be supplied with air or other gas mixture at a pressure of
4 or b atmospheres, which is equivalent to 3,040 and 3,800 mm. Hg.
respectively. Obviously, on return to sea level, the total change in
pressure to which his body has been exposed is greater than
760 mm. Hg. In either instance, however, the changes in pressure
to which their bodies are exposed give rise to a number of clinical
symptoms.

HISTORICAL ASPECTS

Robert Boyle in 1670 exposed a viper to a very low ambient
pressure and reported seeing a bubble witliin the eye. A French
engineer, Triger, about 1850, built and used the first caisson for
tunnel work. The first account of ‘“‘compressed air illness’’ (caisson
disease) was made by Pol and Watelle in 1854. Reference to the
above paj ers and many other early workers are cited in the books
by Paul Bert (131), Hill (129), and Armstrong (16). In their
writing, Pol and Watelle noted numerous pathologic effects of
caisson disease and presented data which showed that besides a
number of less serious reactions several deaths occurred. Their
remarkable conclusions were that compressions up to 4.5 at-
mospheres were not perilous, but that the subsequent decompres-
sicn was the dangerous period. The danger was proportional to
the degree and period of compression and especially the rapidity
of decompression. They also indicated that decompression should
he slow, and if symptoms occurred then recompression was the
treatment and was to be followed by even slcwer decompression.
In 1869 De Mericourt reported symptoms in sponge divers which
were similar to those found in caisson workers. During the last
half of the 19th century, many engineering projects in Europe
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and America employed caissons resulting in a high morbidity and
mortality from caisson discase. In 1878 Paul Bert nublished
“Lia Pression Barométrique' (121) in which he indicated that the
cause of the symptoms of caisson disease was the liheration of
nitrogen pxas bubbles. Among other facts, he demonstrate 1l that
if animals were put in an oxygen-rich atmosphere for sonie time
before being rapidly decompressed, then no bubbles were formed.
Heller et al., quoted by Iill (123), studied many cases of caisson
disease, described the complex symptoms, and among othker things-,
attributed the skin formication and painful itch to air bhubbles
produced in the fat of subcutaneous tissue. Keays in 1909
published a book in New York titled Compressed Air Illness and
summarized 3,692 cases of caisson disease occurring in 10,000 men.
There were 20 deaths. Hill's book (129) reviews much of the above
literature and presents his own observations.

In 1929 Jongbloed presented a thesis to the University of
Utrecht in Holland. He reported the effects of simulated ascent
to high altitudes in a low pressure chamber. The content of this
thesis was presented at the International Air Congress in 1930
(150). Protocols are given for tests at 6,000, 9,000, 12,090, and
14,000 meters with analysis of alveolar air at altitude. The report
gave descriptions of bends in the wrists, knees, and hip joints,
and attention was called to some of the similarities and differences
between cnisson disease and altitude dysbarism. Barcroft et al.,,
guoted by Fulton (82), noted ‘“‘sore legs” at 30,000 feet in a low
pressure chamber and acute pain in both knees at 36,000 feet.
These symptoms of bends were experienced in experiments con-
ducted in 1931.

In this country, Armstrong (16) performed a number of ex-
periments which were important to the development of aviation
medicine and were included in the first edition of his book. Among
these investigations was an account of bends at altitude experienced
in a decompression chamber at Wright Field in 1934 (13). These
studies, as well as a number to be considered later by Behnke of
the U. S. Navy, have served to provide a basis for many later
developments in aviation medicine and physioiogy.

......
» L




T

DEFINITIONS AND ETIOLOGIC CLASSIFICATIONS
OF DYSBARISM

PRI IR @

There have been many terms applied to the individual symptoms
and the symptom complex whicn occur when humans are exposed
to alterations of barometric pressure. The first terms were used
in connection with divers and caisson workers. Because the
symptoms were noted to occur on decompression, the syndrome was
termed decompression sickness. When low pressure chambers
came into common use, and when aircraft became capable of
uttaining high altitudes, some of the terms used in describing
divers and caisson workers were also applied to aviators’ symptoms.

Sl AL

Since the termiinology used at the present time may be con-
fusing, it is best to explain the relationship between commonly
used terms and several systems of classification.

Decompression Sickness
L ]

Defined as a syndrome exclusive of hypozia and airsickness,
decompression sickness resilts from a reduction in barometric
pressure and is characterized clinically by a variety of symptoms
including joint pains (bends) ; cough, chest pain, and difficulty in
breathing (chokes) ; vertigo (staggers) ; skin disturbances as rash
ana paresthesia (the itch); and various central nervous system
symptoms such as visual field defects, aphasias, paralyses, ectc.
Decompression sickness occurs in individuals such as divers who
are decompressed from high pressures to normal atmospheric
pressure—as in caisson disease (compressed air illness)—and also
in fiying personnel v'ho are decompressed from sea level pressure
to subatmospheric pressure (altitude decompression sickness).

LY ILRLY daerllle

Some authors have used aero-embolism as a term synonymous

®
? with the above definition of decompression sickness. This defini- g
Y tion, however, considers only one category of symptoms. To in- ;-
clude cther symptoms which occur at altitude, the follcwing 3
classification system is used and has been of tremendous didactic )

value. According to this classification, decompression sickness is B
defined as a syndrome, exclusive of hypoxia and airsickness, re- r
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sulting from a reduction in barometric pressure and characterized
clinically by a variety of symptoms caused by two chief mech-
anisnis—evolution of dissolved gases from solution, and the expan-
gion of trapped gases.

Symptoms resulting from evolved gases (Henry’s law)

1. Bends
2. Chokes

3. Central nervous system symptoms
a. Paresis
b. FParalysis
c. Visual field defects
d. Aphasias
e. Confusion, etc.
f. Sensc.y losses

g. Vertigo

4. Skin disturbances
a. Rash and mottling
b. Paresthesias

c. Edema -

Symptoms resulting from trapped gases (Boyle’s law)

1. Abdominal distention

2. Effects on the ear
a. Barotalgia
b. Barotitis media
c. Barotitis externa

d. Barotraumatic deafness
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3. Barosinusitis
4. Baromastoiditis
5. Barodontalgia (?); mechanism uncertain

It is pertinent to mention again that these s;mptoms should be
thought of in connection with Henry’s law and Boyle's law, and
that the pertinent details of the gas laws have heen previously
considered.

Recently there has been an attempt to formulate a. classification
which would satisfy objections to the term ‘‘decompression sick-
ness.” The chief objection to the term ‘‘decompression sickness”
has been the fact that some of the symptoms included in the
definition, such as barotalgia, are usually the result of recompres-
sion which occurs during descent from altitude rather than from
decompression on ascent to altitude.

The following classification scheme has been proposed based
on the use of a master term dysbarism to replace the term de-
comprecsion Sickness. Two subdivisions of dysbarism are hypo-
barism and hyperbarism.

Dysbarism

This syndron:e. exclusive of hypoxia and airsickness, consists
of those disturbances in the body which result from the existence
of a prescure differential between the total ambient barometric
pressure and the total pressures of dissolved and free gases within
the body tissues, fluids, and cavities.

Hypobarism. Hypobaric disturbances in the body result from
an excess of the gas pressure within the body fluids, tissues, or
cavities over the ambient gas pressure. Examples are:

1. Bends

2. Chokes

3. Vertigo (staggers)

4. Central nervous system symptoms

X e -
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h. Skin disturbance«
. Abdominal distention

7. Barodontalgia (?7)

Hyperbarism. Hyperberic disturbance: result from an excess
of the ambient gas pressure over that within the body fluids,
tissues, and cavities. Examples are:

1. Barotalgia during descent from altitude may occur in an
individual whose pharvngeal orifice of the eustachian tube is
blocked. This blockage prevents the entrance of air from the oral
cavity into the middle ear and results in a differential preasure
across the tympanum since the air pressure in the external auditory
canal is increasing as the descent is made.

2. Barosinusitis pain during descent from altitude is not un-
common if a previous sinusitis exists or an acute upper respiratory
infection causes impairment of pressure equalization.

NOTE: A malfunction of the valvelike structure at the pnaryngeal
orifice of the eustachian tube can also cause barotalgia in a diver who is
compressed to several atmospheres of pressure. If the orifice is closed so
that air cannot enter the middle ear at the same rate that it enters the
external auditory cunal, then a differential pressure is established.

Conditions associated with either hypobarism or hyperbarism

1. Barotalgia

~

2. Barotitis medje

Barotitis externa
4. Barotraumatic deafness
5. Barosinusitis

. Barodontalgia (7)

It is to ve noted that although the term dysbarism is preferable
to thitt of decompression sickness, there is considerable overlap in
the classification of a symptom under the subheadings of hyper-
harism or Lypobarism. This arises from the fact that the ctiologic

7
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mechanigm is such that the symptom may occur either when there
is an excess of the ambient gas pressure over that in the body, or
an excess of the gas pressure within the body over that in the
ambient atmosphere. For example. barotalgia most frequently is
a hyperbaric symptom; that is, the condition usually occurs on
degcent from altitude or in compression of a diver. If the
pharyngeal orifice of the eustachian tube is blocked, however, and
does not allow air to escape from the middle ear during ascer’ to
altitude, then a differential pressure across the tympanum also
results gince the pressure in the middle ear will be greater than
that in the external auditory canal. Pain in the ear occurs,
regardless of the exact mechanism, since in both cases the eardrum
i3 affected. The mechanism of the above symptoms is discussed
more fuliy in separate sections.

Caisson Disease

Caisson disease usually refers to the syndrome produced in
caisson workers as a result of decompression from higher to lower -
pressures, the latter of which is atmospheric or greater. This
term is not applicable to aviation medicine. It is notable, also,
that although the chief symptoms of caisson disease—such as "
bends, chokes, etc.—are hypobaric phenomena, the symptom of
barotalgia i3 most common on compression and is, therefore, due
to hyperbarism.

—

Aero-embolism

In aviation medicine, this term refers to hypobaric phenomena
in which gas bubbles are formed in the blood stream.

Aero-emphysema

In aviation medicine, tnis term refers to hypobaric phenocmena
in which gas bubbles are formed in the tissues.

Pompholyx—A Bubble

The terms pompholyem?t.olism and pompholyemphysema could
be used instead of aero-embolism and aero-emphysema, respective-
ly. Actually, they are more accurate because the term ‘aero”



implies that the bubble has the composition of air, which, as we
shall see later, probably is untrue. However, these more correct
terms have the obvious disadvantage of being unwieldy in aero-
medical reporting.

THEORIES OF ETIOLOGY OF ALTITUDE DYSBARISM

There are two main mechanisms which have been postulated
to explain such features of altitude dysbarism as bends, chokes,
and symptoms of central nervous system origin. For discussion
of the older theories concerning the etiology of symptoms due to
dysbarism occurring on exposure to high atmospheric pressures,
see Hill (129, ch. 7). These mechanisms are: (1) changes in the
circulation; (2) formation of bubbles. As we shall note, there
are differences of opinion concerning the initial phase of the
mechanism, and there may be considerable overlap in various
phases since bubbles can also cause alterations ih the circulation.

Changes in Circulation

Intravascular agglutination theory. Swindle (£33) noted the
presence of nongaseous emboli in the form of a fragile coagulum
which occluded the blood vessels of animals exposed to altitude.
These fine networks were believed to be due to plasma flocculation.
When a clump of this kind was found to occlude a vessel, the in-
jection of India ink showed that the coagulum was capable of
acting as an embolus because the ink did not stain the areas
peripheral to the occluding meshwork. Possibly, there was an
aggregation of erythrocytes in the network (212). There was
also some evidence quoted by Swindle (233) that agglutination
of this type could be an important factor in causing the symptoms
of decompression in divers. According to Swindle, paroxysmal
muscle contraction initiates agglutination. This would correlate
with exacerbation of bends by exercise. Also, individual dif-
ferences in agglutination are common and provide a logical ex-
planation for differences in susceptibility to decompression
gickness. Knisely (159), however, who is very familiar with in
vivo technics of observing the circulating blood of human subjects,
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states that he had never seen decompression to initiate in-
travascular agglutination or to cause an increase in a mild ag-
glutination which was ulready present.

(i ile £

Jacobs and Stewart (145) exposed albino rats to positive pres-
sures from which they were rapidly decompressed. They found
no clear evidence of rouleaux formation of erythrocytes and no
increase in sedimentation rate which should be a function of ag-
glutination. They did observe the blood platelets to form aggre-
gates about small gas bubbles and later to appear as fiee
aggregates in the blood. It wsas suggested that such aggregates
of platelets with or without addition of fibrin could conceivably
lead to occlusion of small vessels in certain regions of the body.
Gersh and Catchpole (87), who used a freezing and drying tech-
nic which should have demonstrated aggregates and flocculates,
failed to find such changes in animals undergoing decompression.

;

Angiospasm theory. Knisely (159) observed directly the scleral

vessels of human subjects at altitude with a binocular-dissecting * ! ':
microscope using strong cross-illumination. He saw no bubbles

in these scleral vessels, but did observe arteriospasm in all in- E
dividuals obove 30,000 feet which, in the ones with overt bends o F
pain, was sufficient to obliterate arteries. Return to ground level ‘

resulted in the return of normal-sized vessels in a variable period
of time. Beginning at 20,000 feet there are increasingly prolonged
spasms of a progressively larger and larger number of arterioles,
particularly in connective tissues and muscles (158).

Prolonged arteriolar spasm was seen in every case in the
20 subjects studied (159) where symptoms of bends or chokes
occurred. Some of the subjects showed various degrees of con-
striction of the venules. Subjects with bends pain have had a
noticeably siower refilling of the nail beds than subjects at
altitude without pain. Some have had nails remain white for
severa]l minutes. Knisel: interprets this s meaning that arteriolar
vasoconstriction is present because, since the venules have valves,
there is no backflow and, hence, the time it takes for a nail to

.'):J;}=J . e

become pink is a rough indication of the total rate of flow through - j
arterioles supplying the nail bed. Parallel to the “nail bed filling ﬁ
"
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time” is the "“arm-vein refilling test” in which a subject at altitude
holds his arm up vertically until the veins are collapsed. The
arm is then held down vertically and the time noted for the great
veins of the hand and forearm to refill. The valves of the veins
prevent backflow so tnat the filling time is a rough indicator of
the total fiow rate through the arterioles toward the end of the
extremity., Subjects with bends pain had a noticeably slower
refilling time than subjects without pain. Knisely believes that the
lowering of temperature in the extremities and the slow refilling
of nail beds and arm veins indicates that bends phenomena are
associated with vascular phenomena.

Reduced rates of blood flow through tissues can produce
hypoxia, and contractions of hypoxic muscles can produce pain. It
is also possible that reduced rates of blood flow through tissues
may permit gas to accumulate and the bubbles developed in or
beside small vessels can obstruct the flow further. In an attempt
to decrease the blood flow through an extremity while at altitude,
Knisely et al. (160) had each of 36 subjects hold an extremity in
a vertical position. Elevation of an extremity either initiated the
pain or, if the pain was already present, made the pain more
severe. These results are in contrast to those in subjects who were
given aminophylline where elevation of the part usually did rot
result in pain (158, 161),

One group of 65 subjects was exposed to 38,000 feet until
symptoms of bends were developed (158). They then descended
to 20,000 feet, and the pain was alleviated. The pains promptly
reappeared on decompression to 38,000 feet. In none of these
subje~ts did the pain fail to reappear. A second group of 41 sub-
jects was taken to 38,000 feet and exercised until they experienced
fairly severe symptoms of bends. Recompression to 20,000 feet
was effected and aminophylline given intravenously after which
ascent to 38,000 feet was again made. Of the 41 subjects, 12 were
free of symptoms and 5 had a return of mild symptoms which
later disappeared. The seemingly important point was that, fre-
quently, the recurrence of pain could be relieved by exercise of the
affected limb.
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That circulntory el{fects are associated witn bends symptoms
is indicated by a number of other irvestigations. Evelyn (71)
noted that occasionally the joint affected by bends seemed to be
colder than the corresponding opposite joint. Stewart et al. (230)
noted that, in most of the instances recorded, the hand temperature
of a limb affected by bends was lower than in the other hand.
Fulton, quoted by Knisely et al. (160), reported that the pulse
volume of the fingers of subjects exposed to low pressures has
been found decreased in the majority of flights. This decrease
often develops some time before bends pain becomes evident which
indicotes that the peripheral circulation is markedly diminished
by ascents to high altitude. Tobias et al. (242-244) showed that
in subjects exposed to an altitude of 38,000 feet there was usually
a slow, gradual drop in skin temperature. The temperature fall is
usually faster in individuals who develop decompression sickness.
Of 1& subjects with the highest hand temperature, only 2 were
forced to descend beca'ise of incapacitating symptoms. Of 18 sub-
jects having the lowest hand temperatures, 13 were forced to
descend (243). XKaufman et al. (155) concluded from 66 man-
flights to 38,000 feet that digital blood flow, as measured by an
impedance technic, is sensitive to decompression to that altitude.
The least reduction in digital blood flow was observed in subjects
who sat quietly at rest at 38,000 feet. The greatest reduction was
observed in subjects who exercised at altitude and who had not
previously denitrogenated. If the subjects den.trogene:ed at
ground level for 50 minutes before ascent to 38,000 feet and then
exerc’sed at that altitude, there was a reduction of digital blood
flow comparable to the tests in which they sat quietly. It was
also recorded by these authors that the reduction in blood flow
often occurs before any other signs of decompression sickness
appear, and that there wus good correlation in the extent of the
reduction of digital flow and the duration of time the subject
tolerated the altitude. Under all the procedures studied, the digital
blood flow was reduced sharply in the first 30 minutes at 38,009
feet with further reduction being effected up to the 100-minute
point, at which time the experiment was terminated. Descent to
ground level did not effect an immediate return to normal digital
flow values, but the average recovery was fairly prompt. Lazarow
et al. (165) noted the vasoconstriction in frogs at high altitude
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and decreascd rates of blood flow through tissues although no
bubbles were seen. Since the animals were anesthetized the
vasoconstriction could not be attributed to pain. Vasoconstriction
which occurred at altitude in rabbits and goats was not considered
to he related to bubble formation in another series of tests (194).

Une difficulty in studying the mechanism of bends has been
occasioned by the fact that small animals are relatively refractory
to bubble formation. The reason for this is probably a matte: of
a faster circulation and a larger circulatory bed resulting in better
denitrogenation. Air can be injected into the nutrient artery of
the hone or into the medullary cavity of bone in a dog, but no
bubbles will be seen by x-ray at ground level. 1n a series of
experiments (144), 5 cc. of air were injected into the femoral
artery of 10 dogs. No gas was seen by x-ray at ground level.
Within 5 minutes the animals were taken to 40,000 feet and the
gas had expanded sufficiently to be visualized in the veins. Most
important is the fact that 4 animals died as a result of pulmonary
embolism:.

The circulation problem may have been partially resolved by
the introduction of a technic recently reported by Ivy and Wedral
(144). In attempting to study bubble formation in dogs, they have
theorized that one method of promoting bubble formation would
be to reduce the blood pressure for extended intervals of time.
This has been accomplished by the administration of Witte's
peptone in amounts sufficient to keep the blood pressure at a low
level. Exposure of the treated animals to altitude has resulted in
the uniform production of bubbles. This method, or modifications
thereof, promises to help elucidate the mechanism of bends, chokes,
and perhaps central nervous system disturbances. Even if the
technic were complicated by numerous questions concerning the
other possible actions of Witte’s peptone besides lowering the
blood pressure, valuable information should be forthcoming.

There are at least several lines of indirect evidence that
angiospasm may be the case of symptoms at altitude which ap-
pear to be of central nervo s system origin.. First is the matter
of delayed reactions which 11ay occur after exposures to altitude.
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Pre<umably, the bubbles have redissolved by that time and, cer-
tuinly, the use of the angiospasm theory to explain temporary
vigiial defects, paresis, and paralysis is attractive because it is well
known that reflex autonomic nervous system effects may cause
severe anglospasmg which endure for considerable lengths of time.
In this connection, the syndrome of scotoma and headache was
expliained by reflex vascular changes in one series of experiments
(67). Concepts of angiospasm in this latter category will be dis-
cussed more fully in the special report on ‘“Neurocirculatory Col-
lapse at Altitude” (by H. F. Adler, USAF School of Aviation
Medicine, June 1950).

Blood sludging caused by ischemic hypoxia due to vascular
occlusion by gas bubbles may be a part nf the mechanism of bends
pain (66, 233, 248). As mentioned previously, vasoconstriction
may e an important part of the mechanism. It has been noted
to occur in 1rogs (165, 195) and man (160), although Reed and
Blinks (195) did not believe that the vasoconstriction was relaced
to bubble formation and Patek et al. (186) noted sludging of blood
in cats but did not report vasoconstriction.

Smith :nd Manning (219) made a cardiovascular study of
6 subjects ~xposed seven times to 35,000 feet for 3 hours. The
electrocardingrams of the 2 most susceptible subjects showed
some lengthening of the P-R interval following the exposures, and
the most susceptible subject showed a marked lowering of the
T-wave which may have been due to hypoxia. No other changes
were noted. These findings could be significant since they cor-
relate a lab:le cardiovascular system with symptoms of dysbarism.

If the 1 «in of bends may be compared to the pathologic type
of pain which occurs when local circulatory changes produce
ischemia, then, according to the concepts of Lewis (167), local
chemical = hstances ma; be elaborated by the injured tissues
and produc pain. The chemical nature of the local substances
preduced is unknown, but along with the concept of a “pain sub-
stance’ it 1 :as been postulated that local changes in injured tissue
may result in a decreased threshold of nerves for pain (166).
Further, the local tissue change through axon and other reflexes
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may possibly cause hyperalges.a of large areas supplied by other
branches of the nerve trunk. Thus, the effect of un initial
stimulus in a small regior. may be that of producing pain referred
to &4 much larger area. Because individuals differ in their pain
tolerance, it could be postulated that the matter of “biochemical
irdividuality” determines the amount of “pain substance’ produced
or its quantitative or qualitative effects.

Electrolyte shift theory. Larkin and Watts (162) nroposed a
theory which ascribed bends to a shift of electrolytes in the body
so that water was also shifted to the intercellular fluid. This,
in effect, produced a syndrome similar to surgical shock and also
similar to the mechanisms producing “miner’s cramps’” when ions
are lost and water shifts into the tissues. Investigation of the
actual blood chemistry was not performed in the subjects exposed
to altitude. In an attempt to prevent a shift of electrolytes, sub-
jects were exposed to 35,000 feet for 90 minutes with a standard
exercise after a 7- to 10-day period in which calcium lactate,
vitamins A and D, and 7.6 gm. of NaCl were given in addition
to regular foods. According to the data, there was &a increased
resistance to hends in this group of tests as compared to the con-
trols. They also reported that 2 subjects who usually drank large
quantities of milk were the most resistant subjects to bends tt.at
they had ever seen. The studies by Warwick (249, 250) could be
interpreted to support the electrolyte theory. By forcing fluids
on 2 subjects who were highly susceptible to bends at 35,000 feet,
one showed a marked increase in resistance to bends for 5 days
while the second subject demonstrated a lesser degree of protection.
When 2 subjects who were highly resistant to bends voluntarily
restricted their fluid intake for 6 days there was a progressive
increase in susceptibility to bends which disappeared when normul
fluid intake was again ermitted. On the basis of 17 subjects
who made chamber ascents, on 14 consecutive days, to 35,000 feet
for 3 hours, Warwick (249 found that the incidence of symptoms
was significantly higher in those who had low urine outputs as
compared with those with high urine outputs.

The above tests by Larkin and Watts were duplicated at
38,000 feet for 2 hours with a similar exercise on 7 individuals who
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had been repeatedly exposed to altitude (143). The incidence of
bends wus well known in these subjects since they had served as
subjects on many types of experiments. The results of the tests
with the salts and milk in these subjects showed no significant
decrease in bends symptoms. If anything, the incidence was
slightly increased. In summary, it may be indicated that the
crucial blood studies and differentiation of various factors which
are concerned with bends have not been studied adequately enough
to completely void the idza that electrolyte changes do occur and
contribute to some of the manifestations of altitude dysbarism.
In this connection, collapse at altitude or after descent from
altitude may be attended by a shock syndrome. Electrolyte altera-
tion could be & factor in these instances.

Formation of Bubbles

The greatest amount of evidence has accumulated in favor of
bubbles being a primary cause of such manifestations of dysbarism
as bends, chckes, vertigo, central nervous system symptoms, and
skin disturbances. Since this theory has the most support, we
shall examine its various aspects in consideraule detail.

Parallelism between bubbles and symptoms. In general, there
is a significant relationship between the symptoms of dysbarism
and the presence of bubbles as seen by x-ray (43, 70-72, 94, 238,
252). In nian, ‘he higher the altitude attained, the greater the
incidence of bends, chokes, etc. Correlated with this is the fact
that more and larger bubbles are noted in both man and animals
when decompression is effected to very high altitudes as compared
to lower altitudes. Also, in caisson disease, the greater the dif-
ferential pressure range through which decompression takes place,
the more bubbles formed and the more severe are the symptoms.
In man, exercise at altitude greatly increases the incidence of bends
and chokes. In animals, it has been shown that exercise at altitude
may greatly stimulate the formation of bubbles (177, 2564, 255).

Obese individuals are more susceptibie to bends symptoms at
altitude and also to caisson disease. In correlation, nitrogen is
about 5.3 times more soluble in fatty tissues than in other body
fluids such as blood (25, 34).
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Ir man, denitrogenation by breuthing 1009 oxygen before
ascent to a:titude is highly protective against altitude bends and
chokes; and in animals, denitrogenation reduces “ubpble formution
Likewise, denitrogenation protects against caisson disease,

The bubble theory explains the effectiveness of recompression
in the treatment of bends in caisson disease in divers. It also
explaing the effectiveness of descent from high altitude in relieving
symptoms of aysbarism in aviators. In bcth instances, the bubble
gsize is reduced and symptoms usually relieved.

A definite correlation has been found between the incidence of
caisson disease and the theoretic saturation of tissues with
nitrogen (213). In this connection it should be remembered that
when the caisson worker is subjected to increased pressures for
short periods, the amount of dissolved nitrogen in his body is far
less than that which he would have if equilibrium were attained.
It may take several hours for the less accessible tissues =nd
cerebrospinal fluid to become completely saturated and in equilib-
rium with the increased pressure of his environment. On some
occasions bubbles can actually be palpated in the skin and be caused
to move by exertion of pressure.

Discrepancies in the bubble theory. Several questions have
been raised as to whether the occurrence of bubbles exylains the
obsarved phenomena adequately. If symptoms are caused by
bubbles, then an explanation is needed as to why there may be a
considerable delay in the appearance of symptoms when the min-
imum altitudes for bubble formation are attained (233), and why
some symptoms may persist long after descent. In some instances,
bends has been absent at the peak altitude but was experienced
during descent (203).

Subjects at altitude have experienced bends in an extremity
when no definite bubbles could be visualized by the roentgeno-
graphic technic. Conversely, x-ray sometimes demonstrates the
presence of large collections of gas bubbles even when the subject
shows no symptoms of bends (43, 252).
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Differences in susceptibility to bends between different in-
dividuals, and even in "he same individual on separate exposures,
are often very marked. This fact is difficult to explain on the
basis of the amount of nitrogen dissolved in the body, differences
in the rate of nitrogen elimination, circulation factors, etc. .

The difficulty of demonstrating absolutely that bends, chokes,
and central nervous system symptoms are caused by bubbles is
one which arises from the lack of suitable technics applicable to

; man. [t is possible to explain many of the apparent discrepancies,
but obtaining the actual proof of the etiologic mechanism in any
; single instance would be a formidable task. With our present
knowindge we can only indicate that a combination of the bubble

A
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: and angiospasm mechanisms offers a sufficient theoretic basis o
K for explaining most of the phenomena. For example, in the in- R
. stance of delayed appearance of symptoms, several lines of evidence 2
1 may be cited. When rats were rapidly decompressed from several X
: atmospheres of pressure to 1 atmosphere, the increase in size of %
. bubbles progressed during the first huur after decompression to b
i the point where the blood eventually became a froth (145). This _
g mechanism could explain the delayed symptoms occurring in hu- ;
) mans at altitude, but whether it operates in this case is uncertain. ) d
L. As mentioned previously, angiospasm—either occurring alone, in o
1 cenjunction with, or as a result of bubbles—may explain any

delay of symptoms, depending upoin the location and degree of
ischemia. However, if angiospasm alone is responsible and bubbles
are not a part of the etiologic mechanism, it is difficult to see why

: denitrogenation is so effective in preventing bends and chokes and

why recompression is so immediately effective in the treatment of :
. caisson disease. [
\ :
2 In & few instances, bends was absent at the peak altitude but ﬂ
, was experienced during descent (203). This unusual phenomenon 3
- may reasonably be explained by postulating that, as the descent Zi
" took pliace, the bubbles, whether intravascular or extravascular, ‘s
b vecame smaller. As they decreased in size, they could have moved ;L]
- with greater ease to a different and more sensitive area and
2 producesd the pain. In several x-ray studies some individuals had -

r s

hends in locations where no bubbles were readily evident and others
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manifested no bends symptoms in areas which showed large col-
lections of gas (43, 70, 85, 238). These findings may be inter-
preted as meaning that a small bubble in a “critical focus” or
very sensitive area could produce severe symptoms, whereas larger
bubbles in less sensitive foci may produce few or no symptoms.
Further, the absence of detectable collections of gas by the x-ray
technic does not necessarily mean that small bubbles could not be
present.  Obviously, angiospasm with ischemic pain could also
explain the phenomena and similarly would remain undetected by
roentgenograms unless special vessel-visualizing technics were
used. If angiospasm and the resulting ischemia were primarily
responsible for the pain, however, some further explanation may
be necessary to account for the findings in several series of tests
at altitude that pressure, as by arterial tourniquet, hydrostatic
pressure, etc., will temporarily alleviate the pain of bends (10, 80).

Physical and phxsiologic aspects. When a gas is in contact
with a liquid, the iension of dissolved gas is direttly proportional
to the partial pressure of the gas over the liquid. If the partial
pressure of the gas over the liquid is slowly reduced, the gas will
slowly diffuse out of the liquid so that the tension of gas in the
liquid tends to remain in equilibrium with the partial pressure of
the free gas above. If the partial pressure of the gas is reduced
suddenly, the pressure of dissolved gas in the medium exceeds the
tension of gas with which it is in equilibrium and the solution is
supersaturated. When the tension of dissolved gas equals o ex-
ceeds the barometric pressure, bubbling can occur theoretically.
Expressed algebraically, bubbling can occur when:

Tension of gas (t) = Barometric pressure (B)

Dividing both sides of the equation by B, we obtain a ratio which
states that bubbling can occur when the gas tension divided by
the barometric pressure is equal to or greater than 1.

(t) Gas = B

(1) Gas (B)

= 1or »1

B (B)




\ Applyving this equation to nitrogen, we ccnsider that the tension
s of nitrogren in the body at sea level is about 570 mm. Hg in arterial
blood, for example; hence,

| 570
| ——l—i = 1,and, B = 570 mm. Hg

Thus, when B equals 570 mm. Hg, which is equivalent to about
7,744 feet pressure altitude, the body nitrogen tension is equal to
the barometric pressure and, theoretically at least, bubbling can
take place. Actually, bubbles are not seen at these low altitudes,
especiilly in small animals. In man, bubbles have been shown to
be present by x-ray ai all altitudes abore 20,000 feet (70-72). This
implies that before bubbling occurs, the nitrogen tension must
equal the barometric pressure plus some factor X; that is, X

. o
LI W &

° represents unknown factors which prevent bubbling. This may be
expressed algebraically as follows:
2 pGas =B + X
. Dividing both sides of the equation by B 4+ X we get an equation
called the critical ratio for bubble formation. .
» p Gas _ B+ X
) B+X B+X
' p Gas
= 1or > 1 = critical ratio
B+ X

It will be noted that we have referred to nitrogen gas as being
chiefly concerned with bubble formation because it is the gas
which has the greatest tension. Nitrogen gas is considered inert
and does not enter into metabolism as do carbon dioxide and oxygen
and, hence, cannot be disposed of easily under some conditions.

Since carbon dioxide has a tension in venous blood of about
47 mm. Hg, it theoretically would not bubble below approximately
63,000 feet. The tension of carbon dioxide in local tissues may be
; higher than 47 mm. Hg and this factor could influence bubble
growth locally.
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Considered separately, water at body temperature having i vapor
ten-ton of 47 mm. He would not boil below 63,000 feet, and venous
or tissue oxyyen having a lower tension would probably not bubble
below 67,000 feet ir a local region where its tension 18 about 40
mm. Hy. However, once bubbles of any type are formed, their
composition could be greatly altered by the diffusion of various
pases mto them, and this probebly happens, especially in bubbles
produced at altitude.

Concepts of bubble formation are given for orientation and
to emphasize that gas tensions do play an important role in bubble
formation. However, the mechanism as given is far too simple.
A compilation of some of the more recent studies which have
contributed to our knowledge of bubble formation will serve to
present a better analysis of the problem.

There are a number of physical and physiologic factors which
will govern bubble formation during decompression. In a series
of papers (117-122, 176, 257), Harvey and associates have discussed
these factors in detail.

The complexity of the problem can only be realized by a perusal
of their reports and those of a number of other investigators
(19, 52, 85, 87, 88, 165, 194). Some of this work has been sum-
marized by Catchpoic and Gersh (50). In the present discussion
we wixh only to present some of the more positive considerations.

By using an equation introduced by Harvey et al. (119), which
considers the factor of hydrostatic pressure in addition to gas
tensions, we may expand the concept concerning the tendency of
gases to bubble and leave the liquid phase. This equation is:

>
.
-
»
LY

.1
9
.1
o
.

MP=-t - P -
L »
in which -
K
AP = the differential pressure or tendency for gas to leave the liquid :
phase I

t — total tension of gas in the medium SO

L 4
Levied

P = the absolute pressure (i.e., the total pressures of gases in the
g body plus the hvdrostatic pressure)

; ‘gﬂ
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Arterial AP at Sea Level. In the above equation, ¢t would
have a value of 760 mm. Hg at sea level, and the absolute pressure

(P) in this artery at <ea level, if we assume an arterial blood
pressure of 125 mm. Hyg, would be 760 4 125 = 885 mm. Hy.
Therefore, the equation would read: L

AP = 760 — (760 + 125)
AP = —125 mm. Hg . @
Great Vein AP at Sca Level. If we assume for simplicity that

the value of t for venous blood is 760 mm. Hg and if we consider
the blood pressure of a great vein in the chest to be 0 mm. Hg,

then:
AP = 760 — (760 4- 0)
AP =0
As can be seen in the above equations, AP in the artery at .

sea level is negative. This means that there is no tendency toward
bubbling, and the blood pressure of 125 mm. Hg may be thought
of as a hydrostatic pressure helping to keep gas in solution.

At sea level, the AP of a large vein approaches zero. The same
would also be true of tissues.

In the equation AP = t — P the important concept to keep
in mind is that, as the differential pressure (AP) becomes positive,
there will be an increased tendency for gas to leave a liquid and
form bubbles. The differential pressure can be caused to approach
zero or become positive, thus favoring bubble formation by:

1. Increasing the value of t.

2. Decreasing the 760 mm. Hg total pressure of gases cn the body.

3. Decreasing the hydrostatic pressure.
Let is examine each of these three factors to give sume

idez of what tho differential pressure could be if the individual
factors varied.
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Gas tension (t)

Suppose that in a local region of the body, as in fatty tissue,
the tension of gas (t) remains high (760 mm. Hg) while the total
pressure to which the bodyv is exposed is reduced. The tension
of yas in fatty tissue with a poor circulation would have a tendency
to remain high., The result would be a shift of AP toward zero
and & promotion of bubble formation. The value of t can be
increased locally by the local production of carbon dioxide, as in
muscular exercise, and a4 high local Pco, would rapidly increase
the size of any bubble which was formed because of its rapid
diffusion and high solubility characteristics (50, 119). The local
tension of gas (t) would tend to remain high during very rapid
ascents to altitude.

Absolute pressure

As indicated above, the absolute pressure (P) consists of two
components: the total pressure of guses (760 mm. Hg at sea level)
and the hydrostatic pressure in the artery, vein, or tissue.

The total gas pressure on the body and, hence, in the body,
can be reduced by ascent to altitude. For example, on very rapid
ascent to 5,000 feet (about u35 mm. Hg) the differential pressure
(AP) in an artery with a hydrostatic pressure of 125 mm. would
be approximately zero, whereas AP in a large vein with a hydro-
static pressure of 0 mm. Hg would be positive.

Artery AP = 760 — (635 4+ 125) = 0
Vein AP = 760 — (635 + 0) = +125

This means that at this altitude, and according to this theoretic
treatment, there would be little tendency for bubbles to form in
arteries, but there would be a possibility for bubbling in veins and
tissues.

As before, however, there is no evidence of bubbling at these
low altitudes and many factors must be considered. One of these
factors is the rapidity with which various tissues reach gaseous

ond . o g A
equilibrium with the ambient atmospheric pressure.
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Arterial blood, for example, rapidly reaches equilibrium with
alveolar air. Because of this fact it was necessary to postulate
that “very rapid ascent’” was made to 7,744 feet (the value used
in the first simplified analvsis) since, if the ascent were made
slowly, the ¢t value of gas in arterial blood would have time to
fall just as the total pre:sure factor of P were falling and, hence,
the differential pressure would not approach zero. In the section
on denitrogenation we shall see that the blood stream exchanges
gases very rapidly as compared to other tissues. Obhviously, how-
ever, if the value of t in fatty tissue remains high because of
poor gas exchange, then on ascent to altitude bubble formation
will be facilitated in fatty tissues as compared to arterial blood,
venous blood, or other tissues with less fat and better circulation.

Until now we have discussed only hydrostatic pressure of
4125 mm. Hg and 0 mm. Hg. It has been indicated also that
a decreased hydrostatic pressure causes the differential pressure
(AP) to approach zero; this favors bubble formation. In addition,
however, there are instances when the hydrostatic pressure may
be lowered rather quickly in a local region by increases in
mechanical tensions (117). During muscle contractions, for ex-
ample, local mechanical tensions may develop. Relatively small
“pulls’’ on a hydrophobic surfac: ir. a very small area can produce
a relatively great mechanical tension which reduces the hydro-
static pressure factor and causes the differential pressure not only
to approach zero but also to become positive. These local mechan-
ical tensions developed in muscles may be likened to the action
of a ‘“suction cup” in produ:ing a local area of greatly reduced
pressure. Under these cond’tions, bubbles could easily be formed
locally in muscles which were being exercised.

We must realize also that the differential pressure (AP) can
be theoretically calculated for a local area, for the entire body
AP really represents a complicated aggregate of the various
differential pressures which exist in the local regions.

As a further note of caution, we need only point out that in
order to present the information as simply as possible, the dif-
ferential pressure (AP) in the preceding discussion has been shown

24




LN g sfe et afh Y \r_'v';v"v' pe e aie ol SN SSRl N oL R Ca®i et M J',.

v
w g Tl S -'“v'_ & Ve Vel e S, i
AN A RACIA AR AR A MRS RN

to be affected by only a few factors. Actually, in physical systems,
such factors as Reynolds’s cavitation, contact angles between bub-
bles and hydrophilic and hydrophobic surfaces, pressure pulses,
sound waves, Bernoulli effects, turbulence, suprasonics, etc., may
be or are important in bubble formaticn (117). In physiologic
svstems, stretching, cutting, and acute crushing of tissue alters
mechanical tensions and, hence, changes the hydrostatic factor of
P. Similarly, blood flow and, thus, gas exchange, as affected by
vasoconstriction and vasodilatation in local areas, may exert their
particular effects on the tendency of a tissue to form bubbles.

Size and composition of bubbles. It is generally accepted that
it is more dangerous for the diver or caisson worker to be decom-
pressed from 5 atmospheres of pressure (3,800 mm. Hg) to 1 at-
mosphere (760 mm. Hg) than for the aviator to be decompressed
from 1 to 15 atmosphere (152 mm. Hg). Although some of the
reasous for this fact would seem to be obvious, others need
discussion.

As first consideration, we can show by formula that bubble
volume will be the same when the individual is decompressed from
5 atmospheres to 1, as it would be on decompression from 1 to
1= atmosphere.

in which

V, = the final volume

P, = the initial pressure

V, = the initial volume

P, = the final pressure

In the case of the bubbie formed on decompression from 5 at-
mospheres ta 1 atmospriere:

‘ 3800 - V,
v, = ——W_ = O times Vl




= 3

TS e

vhich " 0ows that the bubble volume (V,) will have increased five
times.

In t'» case of the bubble formed on decompression from 1 to
Voatme here:
760 -V,

V. oo —-
) 152

= b times V,

which il<o shows that the bubble volume (V.) will have increased
five times,

At 71+ point it should be indicated that it is the bubble volume
which +ill produce the pathologic effecte; hence, if the bubble
volume in the two instances is the same, then we must seek further
for an nswer to the question as to why decompression is more
dangerous in the case of diver or caisson worker than in the
aviator.

There are probably sever:] possible explanations. More bubbles
are formed on decompression from high pressures (120, 188). The
number of bubbles per unit volume of fatty tissue increases as
animal- are decompressed from greater and greater pressures (88).
It is al o true that even though the volumes may be the same,
the wei:'nt of each bubble formed in the case of the diver is much
greater, since by weight he has about five times as many molecules
in each bibble. The reason why the individual decompressed from
5 atmo-pheres would have more bubbles is that in order for a
bubble to be stable it has to have a critical radius and a certain
number of molecules (183). In the case of the diver, the theoretic
critical radius and number of molecules necessary to form a stable
bubble is less than for the aviator. Since the diver has more
molecules of gas in solution, it is more likely that sufficient
molecules will congregate to form bubbles than in the aviator
where more molecules have to assemble from a larger field which
is less densely populated. Piccard (188) calculated that the in-
dividual being decompressed from 5 atmospheres to 1 forced a
bubble when 27.6 million gas molecules met, whereas the number
necessary on decompression from 1 to 14 atmospheres is 690 million.
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A second important factor may be that the bubble formned
g in the case of the diver consists chiefly of nitrogen, which is high
i1 both percentage and tension. It is relatively difficult for the

5 body to get rid of nitrogen because it is an inert gas; therefore,
r the stability of the bubble is probably increased. In experiments
> on cats (182) it was shown that the intravenous injection of air
’ produced far more stable gaseous emboli than oxygen injected

- by the same route. In comparison, the bubble formed at altitude
will be chiefly composed finally of gases other than nitrogen,
and the body can more easily dispose of the oxyvgen and carbon
dioxide fractions since they are metabolic gases.

In addition to these factors, several important circun.stances
operiate to make altitude dysbarism less dangerous than diver's
or caisson disease. Altitude dysbarism is alleviated by descent
from altitude, whereas in diver’'s and in caisson disease, symptoms
are produced by ascent to sea level pressures. In other wordls, the
syvmptoms of altitude dysbarism are ameliorated when the in-
dividual returns to his habitual environment, whereas the divers’
and caisson workers' symptoms are produced when they attempt
to return to their habitual environment. The latter individuals
are likely to avoid treatment if they believe the syvmptoms are
mild and, hence, are prone to suffer more severe and even per-
manent damage because of their unwillingness to speud several
hceurs to be recompressed and then decompressed slowly. Un-
doubtedly, this has contributed to the larger number of more
serio.s reactions on decompression. As Behnke (26) indicated,
'3 central nervous system symptoms, as of the spinal cord, are
. rare in ascents to altitide and there is a rapid amelioration of
symptoms when descent is effected. This is not true of caisson
g workers where patholocy ‘n the spinal cord and brain are com-
mon (129).
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. Bubbles in altitude dvsharism. The first consideration in vutble
formation is to assume the existence of “gas nuclei’” because, for
g bubbles to form de norvo, 2 differential pressure of 100 to 1,000
. atmospheres is ni eded. However, at a hydrophobic surface, bubbles
\ ‘an form de norvo under certain conditions of locally produced,

< 5 . . o
v very large differential pressures caused by changes in mechanical
:
27
o Ly oy e e, e o A e




tension. The gas nucler are thought to be located in blood ves-
sels (122), especially on the walls, and these nuclei are probably
present or formed on the surface of cells rather than in liquid (117).

The second consideration in bubble formation is that when
such gas nuclei are present, the differential encountered at altitude
could produce bubbles. In theory and in fatty tissues, the initial
bubbles formed at altitude would mainly consist of nitrogen. Arm-
strong (12) showed in gr-ats that the composition of the bubbles
in venous blood did not show as much nitrogen as was generally
accepted in theoretic calculations. In blood from the jugular vein,
the bubbles he found had 6.7% oxygen, 28.3% carbon dioxide,
and 65.0% nitrogen. In the right ventricle of the heart, the
analysis revealed 11.47: oxygen, 28.3% carbon dioxide, and 60.3 7
nitrogen.

As a third consideration, if we examine the above analysis in
the light of present-day thought on the composition of bubbles, it
may be said that they, too, may represent only a momentary per-
centage composition. Once a gas nucleus is present in any area,
then the composition of a bubble will depend largely upon the
gases in close proximity. Carbon dioxide has been considered
as a special facilitator of bubble formation (116, 177), not so much
because of rapid diffusion, but owing to its high solubility
characteristics. In any local *issue, the tension of carbon dioxide
may be only slightly higher than 47 mm. Hg, but the total amount
present may be considerable. It may be the chief constituent of
a bubble in a local area. If this bubble then moves to a carbon
dioxide-poor, nuitrogen-rich region, cairbon dioxide will diffuse
out and nitrogen diffuse in, leaving the bubble composed chiefly
of nitrogen. However, because carbon dioxide is diffusible and
soluble, it may in any local region cause a bubble to enlarge in
size very rapidly. This was demonstrated in a model (117) which
consisted of layers of water, each layer alternately saturated with
air or carbon dioxide at 1 atmosphere of pressure. When small
bubbles moved from the air stratuni, they rapidly increased in size
on reaching the carbon dioxide layer and just as rapidly decreased
in size as they passed into a new region of air-saturated water.

It shiould be made clear that under most conditions, carbon dioxide )
)
|
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merely contributes to the growth of bubbles already formed. This
point is stressed because the fact remains that denitrogenation of
the body, as by breathing 1009 oxygen, reduces bubble formation
by reducing the PN.. There is no significant change in the values
3 of ciarbon dioxide in the various tissues since this gas is being
9 produced metabolically and, in local areas of muscular activity, i3
i beingr produced in relatively large quantities, thus favoring the
’ growth of bubbles in such regions. From this it should be obvious

that the composition of bubbles may change very easily. It would
: be safe to say that they would contain variable amounts of oxygen,
nitrogen, carbon dioride, and water vapor, depending upon the
amounts of these gases at the site of bubble growth and the
amounts in any new region to which the bubble migrates. The
bubble will contain water vapor because, at body temperature,
the water vapor would have a pressure of 47 mm. Hg and would
be present in all regions of the body.

Pl iy 2,

S
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As an example of this, let us assume that a gas nucleus is
present in a local region of the body at 38,400 feet (152 mm. Hg).
Let us further assume that the bubble at first is composed of pure
nitrogen; hence, initially, the bubble has a nitrogen tension of

. 152 mm. Hg. If we disregard the hydrostatic pressure and other
: factors and consider only the theoretic tissue tensions of water
. vapor, carbon dioxide, and oxygen, besides nitrogen, then we may
> say that into this pure nitrogen bubble will come:

5
. H,0 vapor (mm. Hg) = 47/162 = 319 by volume

L CO, (mm. Hg) = 40/152 = 26.37¢ by volume

0

a O, (mm. Hg) = 40/152 = 26.3°% by volume

3

',‘; Subtotal = 127/152 = 83.6% by volume

N, (mm. Hg) = 25/152 = 16.4° by volume at equilibrium

The conclusion is that in this local region the bubble will be

composed mainly of gases other than nitrogen when equilibrium
takes place. If the bubble moved to other regions locally rich
in carbon dioxide, then this gas especially would quickly diffuse

% into the bubbles altering the composition.

#
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Bubbles in caisson disease. It is of interest to examine Lhe
theoretic differences between bubbles formed at  altitude and
tho~e rormed during «ccompressions from high pressures. When
an codividual 1s exposed to 5 atmospheres of air pressure, his
an.brent enviionmental pressure will be 5 » 760 = 3,800 mm. Hg.
The Dlood and tissues may require about an hour to saturate
with mtrogen according to Dalton's law (130). Carbon dioxide
tensions, however, are a special problem for several reasons. The
first is that when the I’0, is very high, there may be interference
with carbon dioxide transport by the hemoglobin, and carbon
dioxide may accumulate locally in tissues. This concept will be
further expanded in a section dealing with the toxic effects of
oxygen.  The second reason is that the Pco., will be prevented
from getting too high in the body because a high Pco, in arterial
blood stimulates respiration until it is reduced. Further, even
under the increased pressure of 3,800 mm. Hg, the small percentage
(0.03'.) of carbon dioxide in inspired air would result in very
little increase of its tension. The only time carbon dioxide is a
factor in any discomforts experienced by divers or caisson workers
is when the ventilation of the helmet or chamber is 30 poor that
the carbon dioxide in expired air accumulates (26).

Trere is little question, however, that the amount of nitrogen
and oxvgen dissolved in the blood and tissues will be increased
when these gases are dissolved in the body at 5 atmospheres of
air pressure. As indicated previously, the tension of nitrogen in
fatty tissues would, at equilibrium, be the same as in other tissues,
but since nitrogen is about five times more soluble in fat than in
bloud, the total quantity of nitrogen contained by fatty regions
would be relatively great. On decompression from 5 atmospheres
of air pressure, nitrogen would be the chief constituent of bubbles
because, while oxygen and carbon dioxide are present, the amount
of nitrogen is proportionately a great deal larger. Even the
theoretic tensions of oxvgen and carbon dioxide in tissues are dif-
ficult to caleulate bocause they are metabolic gases. However, by
using the alveolar equition we can approximate the tensions of
oxvyen in alveolar air and, hence, in arterial blood.

30
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Table T shows the theoretic tensson of gases in the arterial
blood at 5, 1, and 15 atmospheres.

TABLE 1

Theoretic tenston of gases in arterial blood ot the bLody

Pressure
(mm. Hg) Pu .ot Pco, | Po, PN, Comment
152 (1 5 atm.) 17 3K 65 Trace Breathing 100 . oxvyen
760 (1 atm.) 47 40 103 570 Breathing air
3,800 (5 atm.) 1. 47 40 741 2,972 Breathing air

According 1» the alveolar equation (using an RQ of 0.82) the
tension of dissolved oxvgen in the arterial blood at 5 atmospheres
of air pressure would be about 741 mm. Hg. The Pco. is given
as 40 mm. Hg because increased respiration would reduce its value
if there was a tendency for its tension to rise. The most important
things to note are the relatively large PN, of 2,972 mm. Hg as
compared to 570 mm. Hg at sea level and the “trace’” of nitrogen
in arterial blood at an altitude equivalent to 152 mm. Hg. The
latter PN. would depend on the period of denitrogenation before
reaching altitude. Although the values shown in the table are
given for arterial blood gas tensions, they do indicate that the
bubbles which are formed during decompressions from 5 atmos-
pheres to 1 atmosphere would be composed largely of nitrogen,
whereas those formed on decompression from 1 to !5 atmospheres
would very likely, even in the tissues, be composed of guases other
than nitrogen when equilibrium was atlained. It should be noted
that this does not negate our previous statement that the initicl
bubble formed at altitude could be composed mainly of nitrogen
gas.

[.et us assume that a gas nucieus was present and that a bubble
o was formed in the arterial blood stream on rapid decompiession
: from 5 atmosphzres of pressure te 1 atmosphere. If we use the

....................................................
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vilue o yaven in table 1. the theoretic comiposition of the bubble
wonld be:

R R e 4

3 O vaper o, Hye 1o om0 1.2 by volume
o COomm Iy 101800 1.07 by volume
O mm. T41/3,500 19.5°¢ by volume
A N.omm. Hy 2,072 3,800 — 78.37% Ly volume
\ The ~onclusion is that this gas bubble woula be composed mainly
153

of nitrogen when the decompression is made from 5 atmospheres
to 1 atmosphere,

2 GRADING OF SYMPTOMS

@

Jl

v Before beginning a discussion of the individual symptoms

% which, collectively, constitute altitude dysbarism, we can grade

4 these symptoms according to severity. Several different schemes

1. . . .

¢ of grading svmptoms have been used. In our discussions we shall

-, use a sligrht modification of the system adopted by Gray (103) and

", used to classify Randolph Field data.

R (yrade 1. Pain symptoms which disappear after a time at altitude or are
intermittent, even thouzh the individual does not descend to an altitude below

g that where they appeared.

': Grade 2. Pain symptoms which persist as long as the individual remains

_ at or above the altitude where they appeared, but which are not, themselves,

K severe enough ‘o force descent.

-

"‘ « .

-;. Gradc 3. Pain symptoms which are severe enough to force premature

> descent from the altitude at which they appeared, but which are not accom-

® panied by secondary symptoms of the sort that would indicate the autonomic

g and circulatory systems had become involved.

"1

a (irad. i Symptoms, such as pallor, sweating, faintness, dizziness, etc.,

. v ich indicate that the autonomic and circulatory systems are displaying a

i 1oction that might lead to collapse, regardless of the number or degrec of

X vainful cymptoms which may also exist.
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Some investigators have used the terminoloyy of “tolerable
symptoms’ to indicate yrades 1 and 2 as listed above, and the
term “intolerable symptoms” to represent grades 3 and 1 which
cause premature descent from altitude.

Obviously, the grading of symptoms allows us to quantitate
data, but it should be remembered that we are attempting to
quantitate symptoms which are subjective. By this, we mean
that individuals differ within a rather wide range as to their
ability or willingness to tolerate symptoms at altitude. Therefore,
the “quantitative” data which is presented, especially in grades 2
and 3, will be especially susceptible to error because of the quali-
tative differences in an individual’'s symptom tolerance.

The acceptance, however, of this simple classification will allow
us to better appreciate the overall incidence of symptoms at altitude
when representative tables of such data are presented. There
could be some disagreement in classifying only a very small group
of individuals who had no bends, chokes, abdominal symptoms, etc.,
but who experienced vasomotor phenomena at the peak altitude
or even on ascent. In many instances, these cannot be classified
as symptoms of altitude dysbarism but are probably due to hypoxia
as a result of poor mask fitting or apprehension, which result in
hyperventilation. Both of the latter conditions, when they occur,
usually cause descent from altitude, especially if vomiting or
svncope is a part of the syndrome.

In the past, grading of symptoms due to altitude dysbarism-

has been confined to the more spectacular symptoms of bends,
chokes, and central nervous system effects. Many investigators
have failed to report the incidence of abdominal gas pains or have
reported them as miscellaneous. The remaining symptoms of
barotalgia, barosinusitis, etc.,, also have been treated as special
conditions because, if included, they would tend to alter the in-
cidence of symptoms markedly. All symptoms, however, may be
imcapacitating and from that viewpoint are important.
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3 SYMPTOMATOLOGY OF ALTITUDE DYSBARISM
A'
Bends

\
N
2 The fivst reference to bends as 1 symptom of dyvsbarism occurs
. m the Iiterature on caisson digease (129, 133). Because there was
) an exaceorbation of the pain whea the individuals affected were
; in the erect position, they often assumed a stooping or “‘bends”
. position
,l
)
} . . .

By definiticn, bends is a clinical manifestation of hypobarism
v consisting of pain referred to the joints, bones, or muscles.
Y
. . : ) ; :
n Location of pain of hends. The pain associates with bends at
. altitnde i variable in almost all except a few characteristics. The
. Incation of the pain is most often described as being deep in the
- joints, bones, or muscles of an extremity, including the hip and
- shoulder. For some unknown reason, instances of pain ‘n such
~ regions as the sternum, ribs, vertebrae, and cranium have been

conspicuously absent but have beer reported (111). Gray (102)
pointed out that it mav be significant that the bones of the
extremities contain yetlow bone marrow rather than red and are
comparatively avascular with a high concentration of fat. Perhaps
. the deep pain “felt in the bone” is best explained by bubbles causing
ischemia of bone or distortion of the periosteum. In any event,
the syvnovial cavity can withstand considerable distention without
pain and so it is thought that the pain does not arise from
gaseous distention of joint cavities per se. Most often, even in
anr extremity, the pain is diffuse and poorly localized. According
to School of Aviation Meclicine data on 158 subjects at 38,000 feet,
about 5477 are recorded as joint pains, 26 as chiefly muscle, and
20" as being felt deep in the bone (1C9). In character, most of
the pains are of a dee¢p, boring or aching, dull, protopathic type

._¥
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sometimes resembling the dull pain of a tetanus antitoxin injection.
, Many individuals, after descent caused by a grade 3 uncomplicated
F bends pain at altitude, have a poor memory of the pain and wonder
4 why they could not have tolerated it longer. In some instiances,
i the localization is very definite and the individual will isolate a
% small area, especially in the finger or wrist in which the pain is
N
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felt. When this discrotely finite type of pain is described in an
extremity, it is usually localized over o periosteal insertion of a
tendon (patella, deltoid, etc.).

The onset of bends pain may be gradual or fulminating and
vary in duration from single or intermittent twinges to one
which is steady. No dogmatic statemert can be made concerning
the progression of bends pain at altitude. Evelyn (71) noted that
at the onset, pains were usually mild, but in 11 oi 175 cases they
were acutely severe.  Mild degrees of aching discomfort have
developed slowly or rapidly to pains which were sharp and in-
capacitating. Conversely, moderately severe pains, which if they
continued would become intolerable, have been known to spon-
taneously disappear for the remainder of the stay at altitude.
In 2,744 ascents to altitude there were 1,253 instances of limb pain.
Of these, 639 were mild, 521 moderate, and 93 severe. Of the
mild pains, 33‘¢ disappeared, 29¢ were persistent, and 38% be-
came of stronger intensity (230). One feature of moderate or
severe joint pain is the tendency of the muscles to splint the joint,
with weakness or loss of movement. It is usually a pseudoparesis
or a pseudoparalysis, the muscles being tense at first, perhaps, but
later flaccid. Obviously, function is impaired and if the arms and
hands are affected, there may be a coarse tremor with loss of
useful motion until descent is made. Acute or delayed true paresis
or paralysis may occur which is of varying duration (see report
on “Neurocirculatory Collapse at Altitude”). During or after
descent all symptoms usually disappear. In some instances a
feeling of weakness persists, and in a few cases soreness may
be noted for several days. This may be due to extensive dissection
of fascial planes by large bubble collections.

Lund and Lawrence (168) concluded that bends pain may be
caused by collections of gas in the fascial and intermuscular septal
planes. During exposure of human subjiects to simulated altitudes
of over 34,000 feet in a low pressure chamber, the subjects who
developed severe bends in areas suitable for massage were lowered
to and maintained at an altitude at which the bends pain was
decreased or absent. A firm massaging action was instituted in
20 cases of bends. In 11 instances, pain was reinduced or increased
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at the lower altitude. In four other instances, the shift of pain
closer to the joint ahead of the massaging hand was noted. In
one case of these latter four, a rolling tourniquet was accompanied
by the movement of pain from a point just below the patella nhead
of the tourniquet to the ankle. Release of the tourniquet was fol-
lowed by return of pain to the original site at the knee.

If we assume that the “bubble” i3 the initinting cause, then
the rmportance of a bubble in initiating pain must be that of its
location. Intravascular bubbles, for example, could produce pain
by causing ischemia. Extravascular bubbles may produce pain
by (a) mechanical distortion of tissue and direct stimulation of
pain receptors, (b) by a localized expansion which produces direct
external pressure on blood vessels and ischemia, or (¢) by initiat-
ing reflex vasoconstriction which produces ischemia. Perhaps
several of the mecharisms are involved because large collections
of gas have been visualized by x-ray with little or no pain
recorded (43, 238) and, on Lhe other hand, definite bends symptoms
have been recorded in limbs when x-rays taken at altitude during
the flight revealed no such collections of gas (43). Because of
ti.> latter condition, it was postulated that a small bubble in a
“critical focus’ could result in symptoms out of proportion with
bubble size. Perhaps the pain mechanism in such instances is that
of ischemia due to vasoconstriction rather than that of a small
bubble in a critical focus. It appears quite likely that more than
one mechanism may cause bends pai., and in any given subject
the chief mechanism causing pain may be different from that in

another individual.

There is gereral agreement that the greatest number of bends
is located in the knees and the shoulders. Individual reports differ
as to whether the knee or shoulder has the greater incidence
(table II). The incidence of incapacitating bends, however, seems
to be greater in the knees than in the shoulders (183). Most data
indicate that the occurrence of bends is equally distributed to both
sides of the body although Bierman et al. (32) found a slight
predominance on the right side.

Why the knees and shoulders are especially affected by bends
is not entirely clear. It is probably a combination of such factors




TABLE 11

Locaton of hends symptoms—percentages

Site Ref. 1049 Ref 228 | Ref. 230 | Ref. 231] Ref. 183 | Ref. 36
Shoul ler 10.7 ovo | oas | 215 | a24 | 102
Upper arm 7.1 - 9.9 - 4.7 2.6
Elbaw 10.0 12.0 7.5 5.2 10.3 3.8
Forearm 3.0 2.2 — —_ 1.0
Wirist 9.9 k.0 11.4 1122 16.5 1.6
Hand and fingers 7.2 15.0 6.1 2.0 3.9 1.6
Total upper
extremity 57.8 59.0 60.6 39.9 67.8 20.8
tHip 3.0 3.0 1.9 —_ 1.9 2.6
Thigh 5.0 — 14 —_ — 1.0
Knee 23.2 32.0 22.6 48.4 23.2 54.8
Lower jeg 3.8 — 3.4 — — 2.1
Ankle 5.0 10.0 7.4 7.1 3.6 11.3
Foot and toes 22 6.0 2.7 — 0.7 7.0
Total lower
extremity 42.2 51.8 39.4 56.1 39.4 78.8

as circulation, fat deposits, development of mechanical tensions,
etc. Swann and Rosenthal (£21) theorized that, because of the
position of the joints, rising bubbles might be trapped in these
two areas. In an experimental study (247) concerned with air
embolism, the theory was advanced that the buoyance of air
determines its distribution in various parts of the body. Also, a
fatal diving case has been reported (95) in which there were far
more bubbles in the legs than in the brain since the individual
was in the head-down position when the body was recovered. It
was advised that such casualties should be carried in the head-down
position to keep bubbles from the brain. According to this reason-
ingr, elevation of an arm above the heacd should cause bends to occur
in the wrists and fingers. This was found to be true (232), but
the fact remains that the same maneuver affects the circulation
also and, hence, bubbles may be only part of the mechanism,

Ircidence of hends. Of those hypobaric disturbances which are
thourht to be caused by evolution of gas from solution resulting
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in bubble formation, bends is the most frequent significant symp-
tom (78, 103, 183, 231). There are a number of factors which
affect the incidence of bends at altitude. Because of variations in
experimentai design and technic, many of the individual sets of
data cannot be compared directly with each other. Fortunately,
however, the principal laboratories have conducted several different
experimental series, the results of which can be compared with
their own control tests. On this basis, several important conclu-
gions may be stated. In general, the factors which have been
considered to possibly affect the incidence of bends at altitude may
be pliced into several categories:

Physical factora

1. Rate of ascent

(3™}

Altitude attained

w

Duration of exposure

4. General environmenta! factors

Physiologic factors

1. Age

o

Obesity

3. Exercise

4. Previous injuries
5. Physical fitness

6. Hypoxia

-]

Diet and fluid intake

8. Repeated exposure

Miacrllaneous factors

1. Apprehension

-

2. Race and nationality

------------
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Physical Factors

Rate of ascent

Theoretically, the more rapidly an ascent to altitude is made,
the greater should be the incidence of bends. That the rate of
decompression is important to the incidence of bends has bean
known fer a long time among personnel associated with caisson
and diving operations. In accordance with the bubble theory, and
assuming that nitrogen is the gas most important in initial forma-
tion of a bubble, the slo.. ** the rate of ascent to altitude the longer
the time of Jenitrogenation. More rapid ascents would allow less
time to establish equilibrium of gaseous diffusion between the
body depots of nitrogen and the environment. Obviously, with
rapid ascents it is also true that the circulatory system has less
time to adjust.

=
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Examination of available data on altitude dysbarism is dis-
appointing in that it is not easy to show that rates of ascent make
a decided dirference in the incidence of symptoms, even though
A:mstrong (13) reported the appearance of bubbles in animals at
lower altitudes when faster rates of ascent were used. Also,
Catchpole and Gersh (52) showed a higher average bubble incidence
in rabbits decompressed to 45,000 feet in 3 to 10 seconds as com-
pared to a rate of 10 minutes. The percentage of deaths was also
higher ot the faster rate.

Armstrong (16) had theorized that a rate of ascent of 78 feet
per minute or more world favor bubble formation. However, in
an experiment lasting 16 hours with a mean decompression rate
of 45 feet per minute, one individual still developed serious symp-
toms (184).

Evelyn (70-72) used average rates of ascent varying from
500 to 4,000 feet per minute. He concluded that variations in this
range caused no difference in the incidence of bends. Gray (97)
found that rates of ascent up to 4,000 feet per minute had no
sigrnificant effect on the incidence of serious symptoms.

...................
...............



In contrast, Griffen et al. (111) obtained data to show that
the susceptibility to bends was markedly increased by o rate of
ascent of 5,000 feet as compared to 1,000 feet per minute. These
authors concluded that the rate of ascent per se seemed to in-
fluence the incidence of bends regardless of the fact that the
slower rate provided a longer period of denitrogenation.

It would seem logical to believe that the incidence of symptoms
vould be greatly increased in instances of explosive decompression,
Actually, studies which exposed humans to altitude have not
provided as clear-cut evidence as one would wish to sce on this
important subject. Hitchcock, quoted by Fulton (82), explosively
decompressed humans from 20,000 to 40,000 feet and, although
there was an increased incidence of bends and chokes from 55 to
65 as compared with the slow ascents, the differences were not
thought to be significant. When the explosive decompression
ranged from 10,000 to 38,000 feet, there was a significant increase
from 62 to 887 as compared with the slow ascents. Explosive
decompressions from 27,500 feet to 45,000 feet, using pressure
breathing, resulted in only a 55.29¢ incidence as compared to 40.5
for the controls.

COMMENT. It is logical o believe, but difficult to prove from existing
data, that a rapid rate of decompression to altitude increases the incidence
of dysbarism. It has proved true in caisson or diving operations. It is quite
possible that other factors are much more important in altitude dysbarism
and have thus affected the accuracy of the data. It is fair to conclude that
a very slow uscent, either continuous or in stages, would result in a lower
incidence of dysbaric symptoms than a very rapid ascent. Very likely, ranges
of ascent between 1,000 to 5,000 feet per minute would give no significant
differences vc~ause of the greater effect of other variations.

Altitude attained

There is little question that the higher the altitude attained
the greater is the incidence of bends and other hypobaric phenom-
ena. Obviously, the higher the altitude the larger the bubble size
and, perhaps, the greater the number of bubbles. Also, Knisely
(158) has noted that the extent of vasoipasm was greater in the
scleral vessels as the altitude was increased, and this correlated
very well with the incidence of bends.
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So many factors enter into this consideration that such cona-
tion< as rest, exercise, and rate of ascent must be mentioned when
one <peaks of a “bends altitude.” From 20,000 to 25,000 feet has
becn considered as a coritical range of altitude for the occurrence
of aero-embolism in man (184). Houston (135) reported on 20 in-
dividuals who made 3287 ascents to altitude up to 22,500 feet. Six
of these experienced aero-embolism on approximately 15 occasions
beginning as low as 17,000 feet. In 2 of 6 cases the pain was
incapacitating.  Symptoms may occur under 20,000 feet, but the
incidences are small (217) and arc usually associated with recent
injury, etc. (6, 149). In this connection, Krisely (158) has noted
vasoconstriction to begin in the scleral vessels at about 20,000 feet.
Tables III and IV show the data which nave been obtained. Al-
though there is no perfect correlation between the number and
grade of bends with the altitude, the trend can be very easily
noted. Cook et al. (5%) corcluded that an increase in altitude
from 30,000 to 38,000 feet increased the incidence and severity of
dysbaric symptoms more than did doubling the frequency of
exercise at either altitude. The introduction of exercise increases
the incidence of descents as much as adding 5,000 feet to the
altitude (103).

The small animal studies which have been done clearly indicate
that the appearance and size of bubbles are also dependent on the
altitude attained. However, the small animals are relatively
refractory to bubble formation. Armstrong (13) reported the
appearance of bubbles in the blood of animals at 35,000 feet. In
bull frogs having muscular activity, no bubbles were seen below
60,000 feet. Violent exercise caused bubbles to appear as low as
20,000 feet (255). Various conditions, such as exercise, are neces-
sary to produce bubbles in cats at 35,000 feet, in rabbits at
40,000 feet (2), and in rats at 50,050 feet (254).

Paradoxically, bends or chokes can occur on descent or be
exacerbated by dezcent to a lower altitude (203). The relatively
few cases in which it has occurred can be explained by assuming
that at the peak altitude the bubbles were in a relatively insensitive
areia. On descent, {the smail bubble size allowed movement to a
more sensitive area. In goneral, both the altitude attained and
exercise are shown to be important factors.
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Duration of exposure

The longer the time o exposure to a given altitude, the
preater the number of individuals who will be affected by symptoms
of d,sbarism. This means that 40,000 feet for 15 minutes will,
in general, not be as severe an exposure as 40,000 feet for an hour.
This does not mean that an exposure of 15 minutes is without
hazard, since symptoms may appear before 40,000 feet 18 attained
and extremely severe symptoms can occur in less than 15 minutes
at 40,000 feet.

Table V thows the incidence of symptoms in 30-minute periods
at varions altitudes. Althougb the data are restricted to exposures
of 120 minutes, the total jncidence increases. However, it has
been noted that the longe- an individual has been at altitude
without developing symptoms, the less likely is he to develop
sympioms as time goes on. This is probably explained by the
fact that whe- breathing 1009 oxygen he continues to denitro-
genate as the exposure progresses.

General environmental factors

Tenperature. Swann and Rosenthal (231) were unable to cor-
relate the incidence of bends with ambienc chamber temperatures
between 70° and 87° F. A similar lack o/ definite correlation was
found in the temperature ranges of 75° w0 94° F. (183).

TS
el e S U S

In studies specifically designed to cover wider ranges of tem-
perature, an effect on bends and chokes has been reported. Of
121 subjects seated at 38,000 feet with a chamber temperature
of 100” F., 35.5°¢ developed severe bends, whereas 47.3% of 112
subjects developed severe bends at a temperature of 55° F. (11). It
was thought that possibly the skin and immediately adjacent tis-
sues contain appreciable nitrogen and that the growth of bubbles
in such cooled regions would be slower because of increased
solubility, slower diffusion, and a decreased partial pressure of
gas. This would delay the appeararce of symptoms, but more
svmptoms would ulti?mxtvly appear because of the decreased rate
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of nitrogen elimination. In the same tests there was a 10’ in- o
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cidence of chokes in the warm flights and a 167 incidence in the 0
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cold. The difference was considered suggestive but not statistically
sigrnificant, A second yroup of workers (112) found that subjects
kept comfortably warnm suffered significantly less from bends
than the same subjects when underdressed in the cold. It was
emphasized that the skin temperatures had to be kept at levels
as higrh as those characteristic of warm environments and, hence,
peripheral vasodilation was thought to be an essential factor.
Fraser and Rose, quoted in a review of Canadian investigations
(79), studied individuals exposed to 35,000 feet at temperatures
of -~ 107 and 70° F. The incidence of symptoms was greater at
the lower temperature, the number of incapacitating bends being
about double; on the other hand, the number of milder symptoms
was only slightly increased. The same review quoted studies by
Waters, whe found that in a group of subjects at 35,000 feet and
room temperature, or 30,000 to 32,500 feet at —10° F., the same
subjects developing symptoms requiring descent from the cold
chamber at the lower altitudes also developed such symptoms at
room temperature while at 35,000 feet. These observations may
be significant in indicating the importance of the circulation in
the etiology of bends. It is also possibly of some significance
that the incidence of incapacitating bends was somewhat higher
in individuals with a low body temperature (oral) as compared
with those with slightly increased temperatures (231).

Daily variations in barometric pressure. Among other analyses,
it seemed desirable to correlate the incidence of dysbarism symp-
toms with the daily variation in barometric pressure. It is pos-
.ible, for instance, that the pain of bends may be akin to
arthritic malaise, and clinically, it is a common observation that
the latter type of pain is exacerbated by changes in barometric
pressure. It is of interest in this connection that Jones and
Schiller (149) exposed 5 voung adults with symptomatic arthritis
or fibrositis to 3,000, 6,000, and 9,000 feet in a low pressure
chamber. In 144 twentv-minute experiments they found a good
corrclation between altitude exposure and the incidence of pain
in joints that had been asvmptomatic at sea level.

In =everal studies in which the range of daily environmental
pressure change was only about 10 to 20 mm. Hg, there was no
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correlation with symotoms (42, 229, 231, 240). There was some
question concerning the relationship of the relative humidity to
symptoms of dysbarism. It was e¢oncluded, however, that the
finding was not constant enough to be real (240).

Time of day and season. For some unknown reason it may be
a fuct that the incidence of “decompression sickness” (symptoms
due to evolved gases such as bends, chokes, ete.) is higher in low
pressure chamber runs conducted in the morning than in runs
conducted in the afternoon. Thompson et al. (240) have reported
that of 2,076 men given low pressure chamber flights to 35,000 feet
during the hours of 0900 tc 1200, 41 manifested decompression
sickness; among 1,558 men during the hours of 1300 to 1600, only
29 ; among 91 men during the hours of 1700 to 2000, only 22°..
When the data were tabulated to pick out those 291 subjects who
had three chamber runs in the morning and those 240 subjects
who had all three chamber runs in the afternoon, there was a
39, incidence in the morning and only a 21‘¢ incidence in the
afternoon. Further, there were 459 individuals ‘who had both
morning and afternoon chamber ascents. There was a 38.6‘¢ in-
cidence in the morning as compared to 27.4'¢ in the afternoon.
The data obtained by Savely (211) indicate that descents occurred
in 147 in morning flights, 9¢ in afternoon, and 12.5‘¢ in evening
flights to 35,000 feet. Stewart et al. (228) showed that in 52.8'¢
of 441-man runs, there were symptoms in the morning, whereas
328, of 399 subjects showed symptoms in the afternoon. The
came type of results was obtained by Smith and collaborators (220).
The data of Motlev et al. (183) show the percentage incidence of
bends on chamber ascents during various times of the dav.

If the incidence of symptoms is greater in morning flights
than in afternoon flights, it may be due to the fact that metabolism
in general is lower during the morning, or more likely because of
the various factors which cause metabolism to be lower—that is,
the rate of gas exchange and altered circulation (124). It is per-
tinent to examine some of the possible relationships (table VI).

The data of Swann and Rosenthal (231) are in agreement
(table VII).
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B Coae<t (111) reported datic which agrree with the other authors
i that the grrentest incidence of bends was in the morning flights. ;
ks However, the evening incidence is contrary to the data of Motley
2 et al. (table V). :
93 N
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’ TABLE VI - .
i
X Incidence of bends and time of day (1.3)
. No.of Total Grades Grades
” (i wthjeets bends 1and 2 3and 4
& 0600 - 1000 8,468 17.9 12.2 5.1 ;
! Oued - 1300 9,986 16.6 11.0 5.6 :
.’ 1200 . 1700 10,109 15.5 10.8 4.7 :
: 1600 - 2400 8,301 15.5 10.8 iT ;
o 1630 . 2230 7,317 11.6 7.3 1.3 K
3 ‘
. L)
-
TABLE VII
Incidences of bends and time of day (231)
Morning Afternoon
_' No. of man-flirhts 2060 1,842
N Grades Tand 2 (70) 13.4 0.7
[L* 0
. Grades 3 and 4 (7)) 4.0
..:
- TABLE VIII ;1
-J -5
< Incidences o) bends and time of day (183) ‘;
; 3
& _ , . Percent incidence ,
N Time No. of subjects of bends j
~, _ . — T S N
L 0700 - 1200 2,693 30.0 3
. L300 - 1800 2,593 15.4
.
- 1800 - 2300 1,341 20.7 3
% 2200 - 0400 210 11.9 il
]
; 3
AT thwhts were gt 5000 feet for T hours., "I
[ ‘"
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Revielr and co-worker< (197) have conducted some preliminary
chimeal studies on the nature of pain associated with various
chromic¢ pathologic conditions.  Variations in pain mtmmt} in
some clinical conditions appear to be associated with a general
factor that is influenced by the time of day and by the intake of
tood. la this connection, changes in the blood pH have been shown

~ to vary with the time of day (569). There was a possibility, there-

fore, that an actual relationship existed between variation In
acid-base balance of the body and pain intensity. From their
studies, Revici et al. have concluded that there are two distinct
patterns of pain correlation. In alkaline pain the pain is of greater
intensity when the body is relatively more alkaline and less severe
witen the body is more acid, and in acid piin the pain is more
marked when the body is more acid and less painful when it is
more alkaline. At the local pathologic site some abnormal meta-
bolic activity leads to an accumulation of abnormal metabolites
which alter the local pH. This local site may be alkaline or acid
and, hence, the general acid-base balance changes may augment
or limit the local pH deviation and influence the severity of the
pain. The tests conducted on various types of patients apparently
supported the above concepts, since strong alka.inizing agents ad-
ministered orally may increase the severity of alkaline pain and
relieve acid pain; and strong acidizing agents may act conversely.
These concepts require a considerable amount of further experi-
mental investigation, but it is of interest to speculate on the re-
lationship of acid-base balance to the pain of bends.

Hodes and Larrabee (132) tested a small number of subjects
repeatedly in a low pressure chamber at 3%,000 feet for 2 hours
using a moderate exercise. The susceptibility of several of these
subjects to bends varied in a cyclic manner. This suggested that
perhaps the susceptibility was influenced by physiologic factors
which varied in a parallel manner. The physiologic factor con-
sidered was that of individual acid-base balance, since this factor
is known to fluctuate during the day and from day to day in the
same individual.

The acid-base balance could theoretically affect the incidence
of bends in a number of cifferent ways. It affects respiration;
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the changes of carbon dioxide tension in tissues could affect the

rate of bubble growth; changes in carbon dioxide tendion mav

result 1n elterations of the peripheral circulation any may, hence,

modifv the denitrogenation of tissues as well as the local pH;

and an acid-base change in loca! regions may alter the irritability

of peripheral nerve. Hodes and Larrabee (132) pointed out that

several studies of caisson disease contain data or indirectly support

the concept that the incidence of dysbarism may be affected by

the amount of expired carbon dioxide which accumulates in pnorly

ventilated diving helmets or tunnels. In their own tests, the

alveolar Pco, of experimental subjects was determined previous

to ascent to 38,000 feet. When the results were grouped accord-

ing to the alveolar Pco, values before ascent, a correlation was

found in that the incidence of severe bends decreased with decreas-

ing Pco,. When the Pco, was 43 to 45.5 mm. Hg in 7 cases, the

bends was incapacitating; in the range of 40.9 to 42.9 mm. Hg on

30 tests, there were 609 forced descents; in the range of 38.0 to

40.8 mm. Hg on 31 tests, there were 565% forced descents; and, =
finally, all 5 tests were passed when the I’co, was 35.1 to 37.9
mm. Hg. Ammonium chloride given to the subjects to produce
a metabolic acidosis and reduce the Pco, by hyperventilation was
also thovght to give a degree of protection from bends in some sub-
jects, but not all. Several subjects had a particular anatomic site
in which bends cccurred regardless of the Pco, level. It was con-
cluded that other factors besides the acid-base balance were
operative in 'susceptibility to bends.

The above studies show that acid-base balance may be an
important factor in the mechanism of bends. The amall number
of subjects studied, and the tremendous number of other factors
invnlved in bends, leave the results open to question. We can,
however, mention a number of experiments and impressions which
correlate fairly well with the concept that the acid-base balancn
is important. In one series of tests (44), 60 subjects were de-
liberately hyverventilated to the point of tingling and numbness or
carpopedal spasm while s2ated at 40,000 feet. This would cause
a respiratory alkalosis with a reduced alveolar Pco, superimposed
on the expected alkalosis due to the hypoxia at that altitude. In
a control series of tests, the same subjects were exposed to
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10,000 feet, but did not hyperventilate.  Deliberate hyperventila-

tion reduced the total symptoms of bends and chokes from 56 to
14, and reduced the intolerable bends and chokes from 20 to
8. To remove the hypoxia factor, the same investigators also
used 1 inches of intermittent positive-pressure breathing at

40,000 feet in 50 different subjects. By adjusting the pressure
breather so tha! these subjects were hyperventilated to the point
of tingling and carpopedal spasm, only 6% of the subjects
developed intolerable bends and none developed chokes. Only 38'%
developed any symptoms of bends. It was suggested that hyper-
ventilation caused a reduction in the body gases important to bub-
hle growth. It is also of interest that the subjects noted a decrease
in pain intensity on temporarily increasing the degree of hyper-
ventiiation. The latter observation may be of some importance
and will be discussed in relationship to a few rfurther concepts.

In experiments cited above (132) a high Pco, was correlated
with a high incidence of severe bends. Behnke (26) 3tated that
empirical evidence points to # higher incidence of ‘“bends” in as-
sociation with a rise in the ¢: rhon dioxide level. Deliberate hyper-
venlilation reduced the incidence of bends at 40,000 feet (44), and
the subjects noted a decrease in pain intensity on tempoi. v
increasing the degree of hyperventilation.

The question arises as to whether an increased Pco, facilitates
the growth of bubbles and, hence, increases bends, or whether an
increased Pco, contributes to body acidity and, hence, aggravates
the local bends pain by augmenting local acidity. This would
classify the pain of bends as an ‘“acid pain.” However, the con-
cept of bends as an “acid pain” does not explain why the pain
disappears so quickly on descent and reappears on ascent unless
the “pain substance” or the pathologic metabolites are so labi'e
that when the local patholngic situation is improved, then im-
mediately the metabolites are no longer prodnced.

on descent, even on rapid descent. It would be easier to explain
this phenomenon on the basis of reduction of bubble size rather

In most cases of bends, there is a complete reversal of symptoms
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than disappearance of local metabolites. [t is true that in some
instances residual soreness of local areas may nersist after descent,
but it may well be that the extensive tissue distortion by collec-
tions of gas with dissection of fascial planes in these particular
cases is not a pathologic event that can be expected to be compi~tely
reversible in a few minutes or hours. Nims, quoted by Fulton (82),
has developed a physical theory of bends pain which is based on
the fact that gaseous bubbles growing in tissues must deform
adjacent structures. ccording to this theory, the pain of bends
is due to extravascular bubbles growing in “tight tissues.” If the
deformation pressure (D) cxceeds a threshold value (D*), then
nerve fibers are stimulated by the mechanical deformation of the
tissues. The intensity of the stimulus is proportional to the excess
of D above D* and depends on the type of tissue being deformed.
The periosteum i3 very sensitive; ligaments, fibrous capsules of
joints, tendons, fascia, and muscle would have different thresholds
of sensibility. Obviously, the extent of deformation of tissues
which persists at ground level will determine the duration that
symptoms can be expected to persist.

There may be seasonal varintion in the incidence of bends, but
the data are confusing. It would seem that from the following
observations there are unknown factors which influence sus-
ceptibility to bends or the methods of tabulating data have ignored
known factors. (See tables IX and X.)

TABLE IX

Seasonal variation in the incidence of hends (239, 240)

. Percent Percent

Date Morning decom, Afternoon decom.

Luns sickness 2 sickness
June 1942 1,806 37.8 669 33.3
Aug. 1942 828 46.1 572 37.8
Sept. 1942 2,076 41.0 1,668 29.0
Mar. and Apr. 1943 6,932 32.3 4,312 24.7
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TABLE X
Seasaral varwtiom in the inctdence of bends (183)

T No. of Total Grades Grades

' subjects hends (7)) 1 and 2 (%) JL—3 and 4 (/)
Aup. 1943 6,362 19.0 12.9 6.1
Sept. 1943 7,446 15.9 10.68 5.3
Oct. 1943 6,081 13.5 9.1 4.4
Nov, 1943 5,384 9.1 5.3 3.8
Dec, 1943 3,277 10.7 7.1 3.6
Jan. 1944 2,469 11.3 7.9 3.4
Feb. 1944 3,493 12.56 8.6 4.0
Mar. 1944 4,259 12.5 7.3 5.2
Apr. 1944 4,425 11.8 8.3 3.5
May 1944 420 12.4 8.1 4.3
June 1944 684 9.2 6.7 3.5
July 1944 1,020 14.0 6.8 7.2
Auy. 1944 474 5.9 3.6 2.3
Total 46,683 8.8 4.6 13.4

Phusiologiec Factors
Age

It was well known to caisson workers and divers that the
older individual was more susceptible to decompression sickness.
This was especially deplorable since they were the most experienced
workers. Age per se is probably an important factor, but one must
keep in mind th2 probability that with an increase in age there
is an increase in mean body weight. The latter factor must be
considered. In fact, it ‘s probably true that the entire physical b .
profile of age, weight, and height is more important than is a
single criterion in determining susceptibility to dysbarism. It is .
not too surprising that age should be a factor in dysbs.rism, since
the circulation certainly is altered with advance in years. The
surprising fact is that these differences show up in a relatively
narrow range of ages. Even in a sriall series, Thompson et al.
(239) found that the incidence of sy.nptoms was 129 in subjects
18 to 20 years of age, 229 in those of 21 to 23, 32% in those of
24 to 26, and 399 in those of 27 to 29 years. Table XI presents
several similar sets of data.
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Obesity

Long considered an important factor in caisson disease in divers,
obesity has been shown to be a factor in altitude dysbarism (79,
183, 231, 240). The data of Motley et al. (183) on 44,181 trainees
show that weight is a factor in the frequency and severity of
bends (table XII). If the incidence of bends were taken for all
of the subjects below 160 pounds, it would be 8.67% as compared
to 10.7% for those above that weight. Various tabulations of
weight-height (linear density), surface area, and ponderal indices
show that the larger, heavier individuals are more susceptible to
dysbarism. Behnke and co-workers (21, 27, 28) have expressed
the concept of body density as an index of obesity. Rathbun and
Pace (185, 193) have stated relationships for specific gravity as
have Behnke et al. (27). Savely (211) somatotyped 184 of 187
men who were exposed to altitude. The degree of ectomorphy
(tendency to linearity and slimness of physique) was found to be
significantly higher in 98 men who did not develop symptoms than
in those with symptoms. .

TABLE XII
Bends and weight (modified from ref. 183)

- S, Percentage of bends

eight 0.0

ot Grades Grades

R subjects 1and?2 3 and 4 Total
130 912 4.8 2.2 7.0
130-134 1,237 6.0 2.1 8.1
135-139 1,824 7.4 2.0 9.4
140-144 3,346 6.8 2.7 9.6
145-149 5,046 5.1 2.1 7.2
150-154 6,631 6.8 25 9.3
155-159 L,719 5.7 2.4 8.1
160-164 5,657 6.9 2.9 9.8
165-169 4,208 74 2.8 10.2
170-1%4 3,696 7.2 3.8 11.0
175-179 2,080 7.3 - 8.8 11.1
180-184 1,723 8.0 3.9 11.9
185-189 1,136 8.4 3.6 119
190-194 600 7.3 3.8 11.1
195-199 337 8.0 5.6 13.6
200 150 5.3 5.3 10.6
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The correlation between obesity or age and susceptibility is
such as to allow prediction regarding the hehavior of weight or
age groups but not of individuals. As Gray (103) has stated,
“These predictions resemble life insurance statistics which ac-
curately predict the death rate but do not disclose which individuals
are to die.” The individual exceptions to the generalizatinns that
old or fat people get bends are sometimes very glaring.

Exercise

Exercise is one of the most important factors influencing bends
and chokes at altitude. Deep knee bends, pushing, and other
strains at altitude have been used to show that exercise increases
the incidence of bends and descents as much as adding 3,000 to
5,000 feet to the altitude of the exposure (71, 74, 75, 99, 220, 262).
The data obtained by Grav (99) and table XIII show that the
performance of exercise at altitude lowered the threshold for the
occurrence of symptoms from 32,000 feet to 27,000 feet and in-
creased the relative importance of bends as a cause of descent
(tables III and IV). Although exercise tends to promote symptoms
in a'l parts of the body, the region most often affectcd is the
part which is exercised. The incidence of bends and chokes in
subjects who are seated is less than that of subjects who perform
a mild exercise at altitude (220). In general, a severe exercise
causes an increase in the incidence and severity of bends and
chokes. Even isolated exercise of the hands and wrists as by a
two-hand dynamometer resulted in a 76% incidence of bends as

TABLE XIII
Effect of exercise on bends (99)

Altitude Man-flights descz:::l( %) Comment

33,000 100 6.0 No exercise
33,000 143 24.5 With exercise
35,000 429 16.1 No exercise
35,000 149 43.6 With exercise
38,000 223 33.1 No exercise
28,000 56 58.9 With exercise
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compared with a spontaneous incidence of 7% (11). Relief of
bends produced in this manner by local compression related the
cause to bubbles rather than ischemia.

Exercise increases the formation of bubbles in animals exposed
to altitude (115, 119, 122). Conversely, bubble formation is de-
creased in anesthetized animals exposed to the same altitude,
presumably because muscle tensions are decreased (116). In
addition, the local formation of carbon dioxide gas during exercise
contributes to the factor (t) in the equation AP =t — P.

Previous injuries

There may be a correlation between the occurrence of bends
referred to a joint and the history of that particular joint being
the site of a previous injury. Houston et al. (137) satudied
1,638 man-ascents to altitude and determined the coincidence
of bends at the site of previous injuries to be 7.2%, which was
thought to be significant. Thompson et al. (240) and Gray (103)
questioned whether the site of old injuries is associated with a
grea‘er ucidence of bends although recent injuries may be a
predis;:-osing factor. Allan (6) cited several instances of recent
injur'es, one of which was the case of a combat pilot who
deveiopcd an incapacitating pain in the left elbow at 12,000 feet.
'hree weeks later the symptoms occurred at 10,000 feet and were
severe enough to cause descent. Examination by x-ray revealed
traumatic calcification overlying the internal and external condyles
of the left humerus. Further test exposures in the low pressure
chamber caused the appearance of typical bends in the left elbow
at 12,000 feet. Jones and Schiller (149), referred to previously,
tested 5 young adults exhibiting symptomatic arthritis or fibrositis
(without demonstrable joint or tissue pathology) at various al-
titudes. A definite correlation was found between exposure to
altitude and the incidence of pain in joints that had been asympto-
matic at sea level. The occurrence of joint pains at these low
altitudes again suggests that such factors as hypoxia, causing
circulatory impairment and alterations in cellular metabnlicm, etc.,
are concerned in the production of “typical”’ bends pain—that is,
in addition to “bubbles” which could be formed at lower altitudes
in injured tissue.
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Trkompson et al. (240) could not relate old injuries to the
incidence of bends, but subjects given a blow on the superior and
anteromedial aspect of Lthe tibia experienced an increased incidence
of bends in this region on subsequent exposure to 35,000 feet.

Physical fitness

[t seems reasonable to suppose that physical fitness could be
an important factor in determiring susceptibility to dysbarism. It
is probably true that a seriously unfit group would not perform
as well at altitude as a group in good physical condition. However,
no relation between the state of physical fitness and the incidence
of bends was found in a group of cadets (1564). Of 197 subjects,
167 who completed a 3-hour classification test at 38,000 feet had
an average score of 49.20 on the AAF Physical Fitness Test,
whereas 30 subjects who failed this classification flight had a
rating of 47.63. The lack of differentiation between the two
groups may have been due to the severity of the test at altitude,
the lack of adequate criteria for physical fitness, or both. The

one study cited emphasized the need for more precise data and
criteria.

Hypoxia

Individuals exposed to brief periods of hypoxia before attaining
& peak altitude had the same overall incidence of bends as did
subjects given oxygen continuously (183). It may be significant
that the hypoxia subjects had a decrrased incidence of incapacita-
ting bends as compared to the other groups. Smith (218) also
determined that hypoxia at aliitude did not increase the incidence
of decomypression sickness since a smaller number of symptoms
occurred during these tests as compared with others. He did not
consider the decrcase significant. In connection with what has
been discussed previously, it would seem possible that hyper-
ventilation resulting from hypoxia reduces tissue carbon dioxide
and, thus, reduces the tension of a gas which facilitates bubble
growth. This view receives some support from the observation
that deliberate hyperventilation by subjects seated at 40,000 feet
decreased the incidence of intolerable bends and chokes from a




control value of 20% to 8%. It is also possible that hypoxia
promntes an increase in blood flow through tissues and, thus,
affects bubble formation. At the present time we must conclude
that if hypoxia is a factor, its effects are masked by other factors.

Diet and fluid intake

It was concluded that the incidence of bends symptoms was not
related to the taking of food within the previous 12 hours (228),
although fluid intake appeared to be significant. Seven subjects
were repeatedly exposed to 38,000 feet with a mild exercise while
on control, high protein, high carbohydrate, and high fat diets
(42). The high protein diet significantly increased and the high
carbohydrate diet significantly decreased the incidence of in-
capacitating bends. The high protein diet hastened the time of
bends onset and decreased the average time subjects were able
to stay at altitude. The high carbohydrate diet delayed the time
of bends onset and increased the average time at altitude. The
high fat diet had no significant effect on benus. Since these
effects were observed with extremes in diet, it is unlikely that
ordinary diet conditions have an appreciable influence on suscep-
tibility to bends.

Individuals of high average daily fluid intake were, in general,
less susceptible to symptoms than those of low intake (228),
which agreed with the previous findings of Warwick (249, 250).
Restriction of fluid intake for a 2-week period in a group of 6 men
resulted in a general increase in susceptibility to dysbarism. The
ingestion of large amounts of distilled water decreased the tolerance
of 4 out of 6 subjects, whereas the ingestion of moderately large
amounts of isotonic saline resulted in a general increase in
tolerance. Tt was concluded that the relationship seemed definite,
but was not simple, because the possibility existed that whatever
controls an individual’s desire for water may be more closely
linked with susceptibility than the water itself. It seemed easier
to predict susceptibility by knowing a person’s propensity to drink
water than it was to alter his susceptibility by altering his fluid
intake (228).

60

............................................

............... .
P L YL INL NI I I I UL UL RS - s 3 g N 5
AT AT T T T T T ~ N A N IS e e e

s

o) A
Cata"a"atrial o

o

s

B SR i
A A N L A e




E‘\:’-‘v)-‘l\"-\ AN N Y LT, VAR AT T

Repeated exposure

The question has often arisen as to whether repeated exposures
to high altitude increases or decreases an individual’s tolerance.
Of 19 low pressure chamber technicians who were exposed to
30,000 feet from 76 to 288 times, 13 (68 %) became less resistant
to bends (41). This occurred when exposures were as frequent
as one and sometimes two a day. Later, it was shown that rest
periods of several days or more seemed to have a beneficial effect
in preserving tolerance to bends. Houston (136) mentioned a
medical officer, age 33, who had made about 300 ascents to altitude
in 4 years with “increasing susceptibility to bends.” Another
study (215) indicated that certain individuals in the resistant and
intermediate categories could develop a progressive loss of re-
sistance with repeated exposures to 35,000 feet or above. In a
later report (217), the same group questioned the concept of in-
creasing susceptibility of individuals on repeated exposure to
20,000 feet.

Only 1 of 7 individuals exposed repeatedly to 38,000 feet ap-
peared to become more susceptible with time (42), and Stewart
et al. (228) speak of an “acclimatization effect” to dysbarism
which reduced the total incidence of symptoms over a period of
14 consecutive daily runs. The eff2ct was not noted in susceptible
subjects. Several small groups of subjects were exposed to
altitude up to 40,000 feet repeatedly but showed no symptoms of
fatigue, and their blood sugar curves were normal (184).

A single exposure to high altitude often causes a tension-type
fatigue. This is especially true if symptoms were experienced.
During the course of many studies, there have been several op-
portunities to observe the possible effects of prolonged and fre-
quent exposure. The Canadian studies summarized 1 y Fraser et al.
(79) have failed to demonstrate any persistent or progressive ill
effects of general importance. Evelyn (70-72) studied 40 men
for 8 weeks. The respiratory and renal systems were examined
before and after, as was the blood picture. The only possible
rhange was in the blood cholesterol, but even here, there was some
question. In the group of 40, the average cholesterol value in-
creased from 193 to 214; and in the 10 men with the longest
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exposure, it increased from 186 to 212. In 4 men who had the
most scvere symptoms, it increased from 215 to 2568. The rela-
tionship between bivod cholesterol und susceptibility to dysharism
may need further investigation because, on the basis of the body
surface and the plasma cholesterol concentration, one group (214)
was able to predict correctly whether a subject was susceptible
or resistant to bends in approximately 80% of the laboratory per-
sonnel exposed. The body surface, in square meters multiplied by
the plasma choi2sterol in milligrams percent over 190, gave an
index which served as the basis for the predictions. The higher
the index, the greatar the susceptibility.
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Postflight effects of mental depression, fatigue, irritability,
etc., have been reported to occur in some individuals (31, 62, 184,
204), but no lasting harmful deterioration resulted (61). The
relationship of such complaints as sleeping less soundly, lack of
appetite, or tiring more easily, to high altitude exposures has been
found difficult to determine (230). A direct experiment on fatigue
was performed on 44 subjects who were caused to lose sleep,
make 1-hour marches, etc. When this group was exposed to
85,000 feet for 2 hours, there was no increase in the incidence of
symptoms (229).

In summary, it appears that some individuals become more
susceptible to dysbarism when they have been repeatedly exposed
to high altitudes, but others become more resistant. Most persons
demonstrate no definite change in susceptibility. In individual
subjects, the optimal period between exposures is unknown. There
may be a correlation between plasma cholesterol and susceptibility
to bends, but this is uncertain.

Misgcellaneous Factors
Apprehension

As has been mentioned previously, the grading of symptoms
¢3 tolerable or intolerable is subjective, and the quantitative treat-
ment of such data may not be entirely valid. Individuals who are
apprehensive may have a lower threshold for tolerance of symp-
toms. One study (239) indicates that symptoms are almost
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doubled in frequency and the tendency for mild pains to become
intensified until they are incapacitating is very greatly increased
by apprehension. A group of 100 subjects whose apprehension
was purposely exaggerated by psychologic means were then ex-
posed to 35,000 feet and had a 47% incidence of symptoms. A
second group of 100 who were psychologically treated so as to
reduce apprehension to & minimum had a total incidence of only
289¢. In some individuals, apprehension would be reduced by the
experience gained on repeated exposures. The apprehension of
others might be increased. Theoretically, apprehension should
result in some degree of hyperventilation and, hence, the incidence
of symptoms reduced. All of this shows that on the basis of one
study, it is difficult to conclude that apprehension would be a
real factor in producing bends. As indicated above and previous!y,
the quantitative grading of qualitative symptoms may be mis-
leading.

Race and nationality

Motley et al. (183) have presented data on American white,
American Negro, and French cadets who were exposed to 38,000
feet in low pressure chambers. There was a significant difference
in the recorded incidence of bends in the three groups. Both the
French and the Negro groups had a bends incidence less than the
white. All grades of bends were experienced by 5.8% of 1,236
French, 10.4% of 1,284 Negro, and 13.7% of 43,863 white cadets.
It seems probable that race pride accounted for much of the dif-
ference, because the incidence of grade 4 symptoms was 0.67% for
tlie white, 0.39% for the Negro, and 0.4% for the French. In
other words, when better qualitative criterin are present as in
grade 4 symptoms, then the data are more valid quantitatively. It
was thought, also, that in the case of the French students,
language difficulties may have caused a tendency not to report
grades 1 and 2 bends. Hov:ever, the incidence of 4.03, 2.61, and
1.87% grade 3 bends for the white, Negro, and French cadets,
respectively, is difficult to account for, except on the baais of race
pride causing a marked determination to suffer discomfort suf-
ficient to force descent of individuals not similarly motivated.
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Smoking per se did not predispose to bends; mild illnesses
as reported on questionnaires prior to ascent were noncontributory
(231).

Choker

The term “chokes” as well as ‘“bends” was coined by caisson
workers to describe the attacks of dyspnea and sense of oppression
in the chest which sometimes resulted when they were decom-
pressed from several .tmospheres of pressure. More scientific
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Definition. We may define chokes in aviation as a manifesta-
tion of altitude dysbarism usually characterized by several inter-

terminology would be desirable for the aeromedical literature, but X
these terms are 8o descriptive that for want of better expressions N
they have been used extensively. 7

»

related symptoms: | ,
f '
1. Substernal distress, varying from a sense of constriction, tightness or : 3\
oppression in the chest, to a burning, gnawing, sometimes lancirating pain. - Q
2. Cough, which at altitude is usually nonproductive. ;
»
(The substernal distress and cough are aggravated by attempts to take a oy
deep breath.) l:,':'
3. Difficulty in breathing, which at altitude is accompanied by a sense f‘;
of suffocation and apprehension. )
Z:Q
Actually, there are two types of chokes experienced at altitude. -
The phenomenon of “true” chokes, with its characteristics as given ¢
above, should be differentiated from “throat” or ‘“false” chokes, .’-
which is a condition characterized chiefly by cough. Throat >
chokes is probably due to the aggravation of a pre-existing throat ) =
irritation when cold, dry oxygen is breathed at altitude. Although :‘;

throat chokes may cause embarrassment of respiration, which
would be especially important at very high altitude, there are no
concomitant chest symptoms.
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[ The symptoms described above are cardinal symptoms of

' chokes. However, at least one case of ‘“chokec’” has been reported
to occur at 35,000 feet in an aircraft, in which pain in the chest
was not a prominent symptom. The individual had cough, pallor,
headache, and then entered a state of neurocirculatory collapse with
moderate shock (245). It was questionable that this instance was

true chokes rather than a case of hypoxia, with throat irritation.
However, borderline cases are to be expected.

Etiology and mechanism of chokes. Chokes is thought to be

a part of the reflex phenomena resulting from the irritation of

pulmonery tissues when gas emboli cause obstruction of pulmonary

arterioles and capillaries (32, 42, 43). There has been no direct
demonstration of bubbles in the pulmonary vascular bed during an

active human case of chokes. However, there are several lines of

indirect evidence to support the concept that symptoms of chokes

are due to embolism of pulmonary vessels. Roentgenographic

plates taken while the subjects were at altitude and manifesting

chokes have been diagnosed as showing some enlargement of the

! fight heart (42, 43). This was interpreted to mean that an in-
| creased pulmonary resistance could have been due to bubbles,
vasoconstriction of pulmonary capillaries, or both. The bubbles
themselves, however, were not evident in the plates. Hetherington

and Miller (128) have shown that the intravenous injection of

nitrogen gas in anesthetized cats, at a rate of 0.1 to 0.6 cc. per

minute for periods ranging from 17 to 2556 minutes, could produce
physiologic effects on the respiratory and circulatory system which

simulated the clinical picture of chokes and collapse at altitude

and produced various degrees of acute pulmonary pathology. There

are many postmortem autopsy findings of bubbles in the right

heart and pulmonary bed of caisson workers who succumbed to
decompression from increased barometric pressures (133, p. 1387).

Accidental injection of air during the intravenous administration

of fluids to hospital patients commonly produces respiratory and
circulatory phenomena. Certainly, there is a tremendous variation

in the (uantity of air which can be injected intravenously before

serious effects are noted. However, this does not mean that mere-

g ly because there may be few or no effects in some individuals from
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even large quantities of intravenous air, the same or other in-
dividuals will not show adverse effects when the bubbles lodge
in critical areas. In physiologic laboratories many such experi-
ments have been performed on dogs. The amount of air needed
to produce effects has varied from 5 cc. to several hundred. One
can hear, by means of a stethoscope, the difference in heart sounds
even when a readily absorbable gas like oxygen is given intra-
venously (113). The clinical symptomatology resulting from air
introduced intravenously resembles the symptoms of chokes (192).

In this connection, it is reasonable to further indicate that the
quantity of air, within certain limits, may not be and prcbably is
not the only important factor. One possible view is that bubbles
could “trigger” reflex vasomotor phenomena in susceptible in-
dividuals to an extent beyond that which one would expect to
see quantitatively from small amounts of bubble stimuli. The
presence of air in any hydrostatic system such as the cardio-
vascular system can and does cause grave physiologic effects. The
heart, for example, has valves which are opened and closed by
differential hydrostatic pressures develcped during the various
phases of the cardiac cycle. If the right etrium and right ventricle
are at‘empting to open the auricular-ventricular and pulmonary
valves, respectively, by pumping blood which contains bubbles of
gas, it is likely that if sufficient bubbles are present, the hydro-
static pressure in these chambers may not reach a value high
enough to force the valves. Obviously, there will be interference
with circulation of the blood through the lungs, since the frothy
blood present in the right ventricle may be incompletely emptied
into the pulmonary artery. It appears logical to assume that
bubbles which get to the pulmonary vascular bed can cause true
embolism with profound reflex effects in some instances. In ex-
periments on guinea pigs, gas bubbles in the blood stream probably
did not reach the capillary bed of the lungs but occluded branches

of the pulmonary artery. The smallest vessels affected were

arterioles of 40 x in diameter (86, 87).

Chokes usually occurs on ascent or while at the peak altitude.
However, paradoxically, cough may be exacerbated (36) or chokes
may appear for the first time during descent from altitude in in-
dividuais who had no sign of chokes at altitude (203) but did
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have bends. A possible explanation of the above paradoxical cases
of chokes may be that the bubbles were present in noncritical areas
at the peak altitude but. because of their size, did not move. During
descent, these bubbles became smaller and changed their location,
moving to more critical or sensitive areas. In doing so, some of
them could have caused embolism or produced & pulmonary vasculav
spasm sufficient to give symptoms of chokes. This mechaaism
parallels that previously postulated for the occurrences of bends
during descent from altitude, except that in the case of chokes, the
bubbles are thought to be chiefly intravascular.

Evelyn (69) had postulated that chokes was probably due to
the irr tation of breathing 1009 oxygen because the burning type
of chest pain in the respiratory passages suggested pulmonary
symy oms of oxygen toxicity. This view would seemingly receive
some support from the following observations by Stewart et al.
(230). An altitude chamber technician had been suffering from
marked substernal irritation and interference with respiration
while at 35,000 feet in a low pressure chamber. He discontinued
his oxygen supply and the discomfort in his chest disappeared
completely during about 1 minute of this severe hypoxia. After
resumption of breathing oxygen, he was able to remain at 35,000
feet free of chest symptoms for more than 1 hour. Thirty-seven
additional men with chest discomfort at 35,000 feet were instructed
to remove their masks and take four ordinary inspirations of air.
“This procedure resulteu in marked improvement in those who had
mild symptoms, some improvement in moderate cases, but very
little improvement in most of those with severe symp'oms. In
most cases, the reduction of the chest discomfort was temporary,
but some men were able to remain at 35,000 feet without symptoms
for a period of more than one hour.”

It is difticult to explain the above observations completely,
but the mechanism of chokes cannot logically be ascribed to oxygen
irritation, because as Gray (103) has indicated: (a) breathing
1007 oxygen at high altitude is not toxic; (b) caisson workers on
decompression from 2 or 3 atmospheres develop chokes breathing
air; (c¢) chokes at altitude usually disappears during descent even
though 1007 oxygen is breathed continuously on descent.
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It is very likely that cough without chest symptoms of any type
is due to the mucosal drying effects of breathing dry oxygen on
a pre--xisting pharyngeal or laryngeal irritation. The severe
hypoxia caused by removal of oxygen masks at 35,000 feet may
have been a counterstimulation sufficient to cause a release of
pulmonary vascular spasm or facilitate bubble dissipation. This
method of relieving chokes, if it is a method, is obviously dangerous.
2 The observations, however, point up a requirerient for further
i study of the mechanism of chokes.

ARy

Grading and significance of chokes. The general scheme of
grading symptoms of altitude dysbarism into four categories may
also be applied to the grading of chokes. Grades 1 and 2 are
tolerable and grades 3 and 4 are intolerable requiring descent from

! altitude or recompression in the cases of caisson workers or divers,
Cases of chokes at altitude have been described in several reports

[ which indicate that the condition may be transient or tolerable

for several hours (36, 37, 42, 109). On the other hand, instead of

2 developing slowly, severe grades of chokes may develop in the

. course of just a few minutes. In one series of tests at altitude,
the average time required for grades 3 and 4 chokes to cause
descent was 6 to 7 minutes (103).

S However, regardless of grade and regardless of whether the
~ bubble, angiospasm, agglutination theories, or a combination of
: several theories is eventually shown to be the important mechanism
¥ producing chokes, one fact should be overemphasized rather than
i the reverse. True chokes at altitude or on decompression from
high barometric pressures should bc regarded as a dangerous
symptom, the gravity or potential sertousness of which requires
tmmediate recognition and prompt action by the trained individuals
in attendance. '

YN ST

The occurrence of true chokes should suggest to the observers
immediately that, because of the interference with respiration,
severe hypoxia may result and, because of effects on respiration
and the cardiovascular system, collapse may ensue. No case of
true chokes should be regarded lightly. All grades are potentially
dangerous, even after the individual returns to normal barometric
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pressures. For this reason, prolonged observation of the individual
may be necessary as ascertained from the subject’s condition after
return to ground level. As we have seen in the report on ‘“Neuro-
circulatory Collapse at Altitude,” there have been instances of
apparent recovery on descent from high altitude only to have the
individual progress into secondary shock during a variable period
after descent.

It is pertinent to reiterate that the occurrence of true chokes
at altitude implies that the individual's body is already demonstrat-
ing the effects of a disturbed physiology. It is safer to err on the
side of being excessively cautious and think of the condition as
dangerous than it is to leave the individual at altitude and risk
the condition’s becoming very serious. In addition to the
physiologic effects, there is often a marked psychologic reaction
when the individual experiences symptoms of asphyxiation. As
compared to bends, a greater percentage of individuals who develop
severe chokes are prone to collapse (205).

Incidence of chokes. Among the symptoms of dysbarism which
are sufficiently severe to cause descent, chokes is usually second
only to bends (106, 211, 217).

In general, the factors which affect the incidence of chokes
at altitude are the same as those which affect bends, except that,
because of the decreased incidence, the direct relationship of many
factors would be difficuit to prove statistically.

The altitude attained, duration of exposure, age, obesity, and
exercise are definite factors in the occurrence of chokes. Table XIV
shows the increased incidence of chokes at increasing altitudes and
also the effects of exercise on incidence. The trend is, at best,
very general owing to the variable experimental technics, durations
of time, and the number of subjects. Incidence appears to be
higher in the experiments which have the least number of subjects.
The difference in incidence between 35,000 and 38,000 feet would
be difficult to determine. Considering the number of subjects,
however, differences between altitudes such as 30,000 and 38,000
feet are easily seen.
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Symptomatology of chokes. We have given in the definition
of chokes four characteristics or basic criteria for recognizing true
chokes which occur at altitude or on decompression from high at-
mospheric pressures. The severity of symptoms is certainly
variable, just as in the case of bends. These symptoms may be
intermittent (36) but have a tendency to progress (103).

The substernal distress may vary from a dry sensation in the
chest (36) to a burning, gnawing, sometimes lancinating substernal
pain which does not, in the usual case, radiate to other regions.
There may be only a sensation of fullness in the cheat, a sense
of constriction, tightness, or oppression. Sometimes, the sensation
is described as a burning or rawness which is similar to that
experienced during strenuous runs or exhaustive exercises in cold
weather (71). These symptoms may persist for some time even
after return to ground level pressures, and residual chest soreness
may persist for hours or days.

The symptom of cough varies from a desire to cough, which is
controllable, to a distressing paroxysmal cough which interferes
with respiration and very probably also with cardiovascular
physiology. The latter type of cough is seemingly a chain reaction
since the desire to cough is not relieved by coughing, and can per-
sist for several hours after descent from altitude. The cough is
a rasping, hacking cough which is usually nonproductive. At least
one case with temporary hemoptysis has been reported (230). The
latter is not a common symptom of chokes.

At altitude, the substernal distress and cough are aggravated
to a marked degree by attempts to perform physical exercise. Even
attempts to take a deep breath by the seated, nonexercising subject
cause a marked increase in chest symptoms and an intense desire
to cough.

The difficulty in breathing is accompanied by a sense of suf-
focation and apprehension (103). Breathing is likely to be rapid
and shallow in cases of chokes at altitude because of voluntary
attempts on the part of the individual to avoid deep breaths which
aggravate his chest pain. This rapid, shallow breathing has the
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effect of contributing to the hypoxia because of poor lung ventila-
tion. The sense of suffocation, and probably the loss of judgment
due to hypoxia, may cause the individual to feel more acutely the
restrictive sensations occasioned by wearing an oxygen mask and
piompt him to remove the oxygen mask. This is an obviously
dangerous procedure at high altitudes.

There are other symptoms associated with chokes which may
be mentioned. With the hypoxemia of severe chokes at altitude
one might expect to see cyanosis. Some degree of cyanosis may be
noted, especially in those individuals whose dyspneic symptoms and
cough result in venous engorgement of the face and neck. More
often, however, there is an intense pallor in chokes at altitude
which is of sufficient degree to mask any cyanotic color. Along
with pallor there can be considerable weakness and perspiration.
Faintness and actual syncope are not uncommon in the moderate
severe grade of chokes. A marked feeling of fatigue after all other
symptoms may have disappeared is a common experience during
the period following return to nosmal atmospheric pressures (103).

Chokes must be differentiated from at least two other con-
ditions: (1) Cough arising from a “tickle” or even a raw feeling
like that of a sore throat. This cough frequently accompanies a
preflight cold or sore throat, but is not especially aggravated by
taking a deep breath. The condition may be due to irritating ef-
fects of dry oxygen. (2) Chest wall pain which is usually an
aching type of pain, lateral rather than substernal, and located in
the chest wall itself rather than internally. It is followed by
tenderness and subcutaneous swelling which may not appear for
several hours postflight and may endure for a day or more. The
chest wall pain is thought to be “soft tissue bends,” and the swell-
ing is apparently edema because it does not crepitate (103).

Chokes may occur as the only symptom but most often is as-
sociated with bends (36, 37, 230). In the individuals who develop
both symptoms, chokes usually appears later in flight.

In tests at 35,000 feet for 2 hours, there were 1656 cases of
chokes in 3,744 man-exposures (230). On 60 of these 166 man-
runs, chokes was the only symptom, and in 76% of th se 60 men,
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chokes was responsible for causing descent. In the remaining

106 man-runs, chokes was associated with other symptoms, 101 of |
which were bends, or bends in addition to headache, rash, collapse, l
nausea, aid eye symptoms. Two cases of chest discomfort with '
nausea occurred. It was concluded that chokes was a more dis-
abling symptom than bends, even though less frequent, as referred
to previously. Other authors have indicated that chokes is a
more potent factor in precipitating syncopal reactions than is
bends.

TN TN S S YT W T e

Some individuals are apparently more susceptible to chokes
than are others and in repeated exposures will develop chest pains
just about as often as they do bends. Chokes has more of a
tendency to progress than does bends or other symptoms. In one
series (230), 149% of the cases regressed, 44% progressed, and
42% persisted without change. A mild case of chokes which tends
to progress does so rather rapidly. The average duration of a
moderate attack is often not more than 5 minutes before descent
becomes necessary. Severe chest discomfort caused descent in an
average of about 1.6 minutes.

MR AASAM NS Rl A

Central Nervous System Symptoms

During the course of exposing many individuals to high altitude
for indoctrination, selection, and research purposes, observations
and data have been accumulated on symptoms other than bends
and chokes. Among the more important symptoms are those
referable to the central ner-ous system.

In general, it can be stated that the neurologic symptoms ob-
served have not differed a great deal from those reported in divers
or caisson workers, except that the latter cases have been more ,
severe. Better technics since the early days have greatly reduced
the dangers associated with diving operations. In comparing the
central nervous system disturbances arising from altitude and
those following high pressure exposures, there appear to be two
chief differences (26). The first is the rareness of spinal cord
involvement in altitude dysbarism, and (he second is the rapid '
amelioration of altitude symptoms wheu the subject is recom-




pressed. The rareness of spinal cord symptoms may, in part, be
because of immediate recompression which can be accomplished
easily. The rapid amelioration of symptoms on descent from
altitude may be a function of the fact that fewer bubbles are
formed and those which do form should be rapidly absorbed since
they have a greater carbon dioxide and water content.

Behnke (26) believes that symptoms arising from the spinal
cord are chiefly due to impairment of the circulation produced by
gas bubbles. This concept is in agreement with most of the
literature reviewed on caisson disease (26, 50, 129, 133).

The incidence and severity of central nervous system symptoms
in caisson workers were very high in the early days as compared
to individuals exposed to altitude.

Keays, quoted by Hill (129), presented data which is of interest.
He analyzed 3,692 cases of caisson disease occurring in 10,000
workers an incidence of 36.97.. The incidence in these 10,000 men,
on the basis of 657,000 man-shifts, was 0.66'/ as illness and
0.0035% deaths.

Of the 3,692 cases, the breakdown showed:

Symptom Percent
Bends 88.78
Bends plus local manifestation (edema, subcutaneous
emphysema, etc.) 0.26
Bends plus prostration, pallor, sweating, etc. 1.26
Central nervous system:
Brain (hemiplegias) 0.11
Spinal cord:
Sensory, motor, or both 2.16
Vertigo (staggers) 5.33
Collapse 0.46
Cliokes 1.62

There were 20 deaths in individuals manifesting various com-
binations of the above symptoms. In other case histories of caisson
disease, visual symptoms, paresis, paralysis, bladder disturbances,
etc., have been recorded with a number of instances of permanent
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damage (129). In caisson disease or diver's dysbarism, the con-
dition of vertigo was known as ‘“staggers’’ because the individuals
experienced difficulty in walking and were observed to have an
ataxic, titubating gait with varying degrees of incoordination. The
condition developed is a “subjective’” vertigo in which the individual
has the sensation that he is rotating rather than an ‘“objective”
vertigo in which the surrounding objects seem to rotate about the
individual. In most of the data on dysbarism the term dizziness
has probably included vertigo as well as giddiness and other sub-
jective sensations not due to the same mechanism. In the report
on “Neurocirculatory Collapse at Altitude” there are references
made to individuals who probably experienced the subjective type
of vertigo, although in most cases this symptom wag listed in the

data as dizziness.

Hill (129) divided the cases of caisson disease manifesting ear
difficulties into two types: (1) cases of temporary deafness and
vertigo enduring for about 8 to 14 days and caused by nonequaliza-
tion of pressure on either side of the eardrum. The tympanic
membrane may show signs of congestion and there may be hemor-
rhages from the middle ear and eustachian tube; (2) cases of
Meniere's “complex,” consisting of vertigo, deafness, and vomiting
which might persist indefinitely. Hill thought that these lesions
could be produced by air bubbles either in the central tracts of the
cochlea, vestibular nerve, or in the internal labyrinth of the ear.
Erdman (68) reported that vertigo occurred in 50% of the cases
of caisson disease in his series and thought the disturbance was due
to bubbles in the labyrinth or cerebellum. The incidence of vertigo
reported in data obtained from altitude training units was less
than 1%. The incidence of dizziness in 314 cases of neurocircula-
tory collapse at altitude was 29.2%. Associated symptoms were
nausea, vomiting, or both. There are no cases of altitude dysbarism
reported in which alterations in equilibrium were permanent. Most
cases of “dizziness’” have lasted only a few hours postflight, but
a few have endured for several days. In low-pressure-chamber
tests, vertigo, faintness, etc., are usually associated with symptoms
of bends, chokes, or abdominal distress. Some individuals, how-
ever, have been forced to descend from altitude with vertigo as
the chief symptom. Whether the mechanism is as described by

Hill and others remains a question.
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The clinical neurologic reactions which can occur at altitude
have been classified (39) as:

1. Disturbances of equilibrium and coordination:
Ataxia
Dysmetria
Unsteadiness. etc.

Vertigo

2. Disturbances of function of large sensory or motor tracts:
Hyperesthesia, hypoesthesia
Hyperalgesia, hypoalgesia
Weakness of arm or leg
Numbness
Tingling
Paresis
Prralysis
Presence of pathologic reflexes

Visual symptoms, hemianopsia, nystagmus, diplopia

3. Disturbances of consciousness and cortical function:
Amnesia
Aphasia
Hallucinosis
Acute manic behavior

Disorientation

4. Disturbances suggestive of meningeal irritative phenomena, increased
intracranial pressure, and migraine-like features:

Central vomiting

Headache

Dizziness

Photophobia

Scotoma and defects common to migraine

Painful eye movements
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*: 5. Disturbances of subcortical mechaniss. . uasyciated with phenomena of
i dyskinesia, hy- ‘ineria, and aphasic. -
v Reat’

] Dysk., .4

L’ . 3

:C‘ Hyperkinesia

' Tremor

; Blepharospasm

s

v,

::. 6. Scattered nervous system do¢ . -u.ices of minor character:
r i

i Scotoma

) Urticaria

Neuralgic pains

b e T

BT

Blurred vision
Headache

Syncope

Nausea

Generalized wcakness
Mental depression

Loss of depth perception

The above classifications should be compared with that contained
in the report on neurocirculatory collapse and will be more
meaningful when case histories are reviewed.

The symptoms listed may occur singly, but usually more than
one ic seen. This reveals that the mechanism of central nervous
system disturbances must be such that discrete or widely separated
areas of the brain can be affected at the same time. A review
of case histories favors the conclusion that the occurrence of bub-
bles cauvsing ischemis hypoxia is the actual mechanism. Motor,
sensory, association, cranial, or somatic nerve areas are affected
in an unpredictable manner. Catchpole and Cersh (60) have in-
dicated that where the gas emboli lodge is a m:.tter of chance, but
for certain possible reasons the susceptibility of the central nervous
system varies in its parts. For example, the circulation of the
gray matter of the spinal cord is somewhat anastomotic; hence,
severe damage is more frequent in the white matter. Also, the
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gray matter has been reported to have a greater number of capil-

laries and, thus, a better blood supply than the white matter.

The pathologic lesions found at autopsy in cases to be discussed
': later may be explained by these views.

The incidence of central nervous system symptoms during ex-
posure to altitude is small. Brown et al. (39) reported an incidence
of 0.28 of temporary symptoms in over 40,000 subjects exposed
to altitudes ranging from 30,000 to 38,000 feet.

In 500 subjects at altitudes above 33,000 feet, visual symptoms
were observed to occur subjectively in 1.8% . Smarting of the
eyes and blurring of vision occurred in about 7% of the cases,
but these symptoms usually could be traced directly to hypoxia
due to a poor mask fit (156).

Y Visual field defects constituted the majority (4.6%) of neuro-
logic symptoms reported in 852 forced descents from 2,290 man-
flights at 35,000 to 38,000 feet. There was one case each (0.1%)
of nystagmus, diplopia, and confusion state (109). These findings
check fairly well with a 4.2% incidence of visual symptoms oc-
curring in 167 man-runs to 38,000 feet (36). In the latter report,
the only cther neurologic symptom of higher incidence was diz-
ziness at 7.29%.

In procedures deliberately designed to induce symptoms of
bends at 35,000 feet, there were 91 (12% ) syncopal reactions in
37 of 51 subjects who made 764 man-flights. A syncopal reaction
was defined as one or more of such symptoms as weakness, faint-
ness, dizziness, pallor, sweating, nausea, confusion, or unconscious-
ness (205). This experiment emphasizes the close association of
central nervous system dysfunction with bends and chokes and
suggests that the etiologic mechanism is not too dissimilar. This
view is supported by the findings that visual disturbances occurred
in less than 1% of 16,293 man-runs on 6,566 individuals exposed to
9 high altitude, and that the symptoms occurred almost wholly in
! individuals who were highly susceptible to other symptoms, such
' as bends and chokes (230).

79

".". v'; -f.'f -,'.‘.fl’.f_’ll'.;.‘l‘ -..‘-t..'- \- .‘-.._' w" ..;‘- » '-.'- .'P ,\- [ .'r' .‘- -,-u ..- ..:.~. ~ ~- .'v "% \- .‘— 'V' ..- "' \:n\' .'1'..- '.--1 ,J(\.’f\\l‘ L 4P d'xf\f_"
» S0, 3 . SaW V¥ N0 g Bl Bl AJ] WA Gl DDl 0 i a ll e Al



-
19

e

A N W L S R N o W A A T T R - o D
BT Sl e S S R e T T T A ST
A A e o U R W s o K i E W \'.:{Lq'.':'(.]:{;-':.{.:f;(’.:{;\';:(;r(.u" AN

S A At e AL e e i s e i1y AL g shg

As a general summary of this section, the incidence of central
nervous system symptoms in individuals exposed to altitude is
very small. The symptomatology is variable in type and severity.
The greatest majority of symptoms are temporary. In humans
there are no records of permanent damage.

The greater part of the discussion of this subject has been
included in the report on ‘“Neurocirculatory Collapse at Altitude.”

Skin Disturbances

Rash and nottling. Cutaneous discolorations have been report-
ed most frequently in caisson workers or divers, but are not un-
common in altitude dysbarism. In ascents to altitude, Stewart
et al. (230) observed rashes in slightly less than 1% of 1,347 in-
dividual exposures. Most were associated with bends or chokes.
A few individuals were found to be particularly susceptible to rash
which occurred in 50% of the exposures, in some instances. Savely
(211) reported an individual who developed a patch of pimples or
papules across the back of the neck and shoulders each time he
ascended to 35,000 feet. The rash was accompanied by itch and
pain, but all of these effects disappeared several hours after
descent.

The color varies from a light macular or papular erythematous
rash to a purple or bluish-red mottling sometimes called a “violet
marbling” of the skin. The mottled zones may be demarcated and
intensified by adjacent contrasting areas of pallor. In very severe
cases there have been small or large areas of petechial hemorrhage
or ecchymoses which have been dark red to black in color. Rashes
are most often noted in areas which have a large amount of
superficial underlying fatty tissue, such as the abdomen, thighs,
chest, and occasionally the shoulders and arms. The rash does
not necessarily follow the distribution of cutaneous nerves. Some-
times, attention is drawn to the location by the occurrence of itch;
in other cases no other skin symptom is present. Statistics are
not available to indicate that the incidences of skin symptoms are
higher in obese individuals than in those of normal body type,
although such a finding might be expected. Areas affected by rash
feel warmer to the touch than do surrounding areas.
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The mechanism in many cases may be aero-embolism with
vascular congestion and stasis in the subcutaneous tissues. A
slowed cutaneous blood flow could result in the local cyanotic type
of discoloration since there would be an increased amount of re-
duced hemoglobin ir the vascular bed. Dilation of superficial
venules and capillaries in some areas, and vasoconstriction in others
would, by contrast, enhance the mottled appearance. In one study
(230), when pressure was applied to the .ash, the blueness was
made to disappear but returned gradually after pressure was re-
moved. This was interpreted as meaning that the bluish discolora-
tion was partially due to dilation of the cutaneous vessels and not
to frank extravasation of blood. In severe cases there is hemorrhage
into the tissues, especially in caisson disease (129). The persistence
of the mottled areas depends upon the extent of the pathologic
process. Erythematous areas may clear up in a few hours after
their initial appearance while, on the other hand, a purpuric area
can endure for several days, as can localized areas of residual
tenderness in the subcutaneous fat.

It is of interest that mottling of the skin occurred in 8.3% of
314 cases of neurocirculatory collapse at altitude. It has been
noted in fatal cases of dysbarism as well as in individuals who
have recovered. In any event, mottliing of the skin must be con-
sidered a dangerous symptom because it signifies the presence of
aerv-embolism of vessels in the subcutaneous tissues, or an effect
on the autonomic nervous system, or both. In the presence of
skin disturbances, the obvious question arises as to whether more
crucial areas will soon become involved or are already being af-
fected. Stewart et al. (230) reported two serious cases of col-
lapse occurring after a very mild attack of pain but a widespread
cutaneous reaction. One of the cases terminated fatally with
edema of the lungs developing 12 hours after the flight.

Paresthesias. Cutaneous paresthesias are a common manifesta-
tion of dysbarism. Occasionally, the symptoms can be moderately
severe formication, but most often, they are described as an itch
pruritus or prickling of the skin. Scratching of the area produces
rash, but rash also occurs independently. The itching or prickling
is increased on muscular exercise or if the temperature of the low
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pressure chamber i8 high. In a group of 40 technicians who made E,
frequent ascents to altitude, 8 men experienced cutaneous o
paresthesias frequently, 6 others reported that paresthesias oc- Z;{
curred on approximately half their ascents, 17 rarely noted skin ;
sensations, and 9 had never experienced such phenomena (230). In . ;

most individuals, on'ly a part of the body is affected, but on occasion
the whole body may be involved. Gibson, quoted by Fraser et al.
(79), reported that breathing oxygen for 8 hours caused itching . .
of the skin in 2 subjects at ground level. In both cases, the sensa- '.~
tion was located about the site of a pre-existing minor skin injury. >
This brings up the possibility of some individuals being sensitive
to high concentrations of oxygen, or perhaps developing a contact
dermatitis rash on the face from the oxygen mask.

Sensations of hot or cold waves are not infrequent phenomena
at altitude. The legs, back, and arms are most often affected for
periods usually lasting only a few minutes. These symptoms are
sometimes associated with collapse.

e i T T 5 i T ¥ T

Edema and crepitation. Shortly after descent, or on the fol-
lowing day, a few individuals may notice the appearance of mild
to marked subcutaneous edema. Stewart et al. (230) cited 3 cases -
in which symptoms developed on the day after decompression.
The edema in one case formed a hard plaque over the front of
both thighs; in another, there was a brawny, tender area in the
region of the deltoid which, by x-ray, was shown to be localized :
to the subcutaneous fat pad. In the third instance, marked edema ;
of the scrotum developed following a rash on the anterior abdominal
wall. Of some interest, but of extremely low incidence, is the 5
development of an angioneurotic edema postflight. @

The occurrence of edema should be differentiated from the
superficial aero-emphysema which sometimes appears, especially
in and around the wrist joints and fingers, but also in other areas.
The latter condition is characterized by the sensation of a definite
crepitation when palpated at altitude much the same as the
crepitant sensation associated with infection by gas-producing
organism3. The subcutaneous bubbles disappear rapidly after
descent trom altitude, but the affected areas occasionally develop
edema with tenderness for 24 to 48 hours.
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E Abdominal Symptoms

i Abdominal distress of variable degree is extremely common at
high altitude. Although “gas pains” and bloating are not usually

major causes of incapacitation, they may, under certain conditions,

constitute a serious problem. A summary of the available data

on abdominal symptoms at altitude has been compiled recently (5).

In 1,729 cadet subjects at Randolph Field exposed to a simulated
altitude of 38,000 feet for 2 or more hours, a total of 642 (31.4%)
had gastrointestinal symptoms. The symptoms were severe enough
to cause descent in 85 cases (4.9'/) (table XV).

TABLE XV

Characteristics of abdominal symptoms in 1,729 subjects exposed
to 388,000 fect
(Randolph Field data)

T T T T B T R e A Yy > P R o = oy
e emv—e=¢

»
No. Absolute | Relative wSi{hm:::cr:;t
(%) (%) No. %
Total subjects 1,729 100 —_ 86 |100
Total abdominal symptoms 542 81.3 100 86 | 100
Abdominal symptoms,
no descent 457 26.4 84.3 0 0
Abdominal symptoms with
descent 86 4.9 16.7 86 | 100
Bloating 269 15.6 49.6 61 71.8
Symptoms transient 268 16.8 49.6 0 0
Symptoms intermittent 78 4.5 14.4 b 5.9
Symptoms steady 112 6.5 20.7 39 45.9
Symptoms progressive 41 2.4 1.6 41 48.2
Pain dull 190 10.9 356.0 34 40.0
Pain sharp 80 4.6 14.56 51 60.0
Symptoms, grade 1 342 19.8 63.1 0 0
Symptoms, grade 2 1156 6.6 20.9 0 0
Symptoms, grade 3 64 3.7 118 64 75.3
Symptoms, grade 4 21 1.2 3.9 21 24.7
83
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In 99.17 of cases, the gastrointestinal symptoms were located
deep in the abdomen (table XVI). With approximately equal
frequency, the distress was either generaiized throughout the
abdomen, restricted to the upper abdomen, or restricted to the
lower abdomen. It is probable that the two most frequently in-
volved portions of the gastrointestinal tract, either separately or
together, are the stomach and colon.

As shown in table XV, most of the abdominal symptoms are
relatively mild and transient, tending to disappear during the stay
at altitude (i.e., grade 1). The most common complaint is bloating
or distention. Actual pain is less common; and severe, persistent,

TABLE XVI

Anatomic distribution of abdominal symptoms
(Randolph Field data)

Symptoms—no descent!|Symptoms with descent
No. % No. %o
Total abdominal symptoms 542 100 85 100
Deep in abdomen 537 99.1 85 100
Superficial [ 0.9 0 0
Generalized 161 27.8 24 28.2
Upper abdomen 164 28.4 26 30.6
(a) Generalized upper 119 22.0 20 236
(b) Upper right 11 2.0 4 4.8
(¢c) Uboper left 10 1.9 2 24
(d) Upper center 2 0.4 0 0
(e) Upper right and left 2 0.4 0 0
Lower abdomen 160 29.6 25 29.4
(a) Generalized lower 126 23.2 19 223
(b) Lower right 12 2.1 1* 1.2
(c) Lower left 12 21 2 2.4
(d) Lower center 6 1.0 3 3.6
(e) Lower right and left 4 0.8 0 0
Center of abdomen 71 14.2 10 11.8
Left side upper and lower [ 0.9 0 0

*Anatomic defect—hernia present.
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colicky pain is relatively uncommon. On the basis of severity, four
grades of distress are arbitrarily recognized (table XV). Nausea
and vom.iting are relatively rare, even in grade 4. A more com-
mon accompaniment is a generalized vasomotor reaction manifested
by pallor, sweating, and faintness. Abdominal symptoms alone
may be responsible for such a syncopal reaction (205).

Gastrointestinal symptoms occur early in a flight, beginning
either during ascent or within the first 5 minutes at altitude (107).
Nonincapacitating symptoms are usually transient, but may be
intermittent or steady. Incapacitating distress usually begins as
bloating followed by sharp or dull pain which becomes progressively
worse. These symptoms almost always disappear promptly on
descent, most being completely relieved at about 22,000 feet. Oc-
casionally, however, residual soreness may persist for 24 hours.
It is a frequent observation that the passage of gas per os or per
anus at altitude often results in the immediate relief of pain and
in the disappearance of all abdominal symptoms within 10 to

15 minutes.

Although a great number of altitude chamber flights have
been conducted during the past several years for classification,
indoctrination, and research purposes, much of the data so obtained
is unsatisfactory for an analysis of abdominal complaints. This is
because, in many cases, abdominal symptoms are included with
certain other manifestations under miscellaneous effects, and in-
complete data are given. Nevertheless, certain factors which ap-
pear to influence the incidence and severity of abdominal distress
at altitude may be considered. These may be conveniently divided
into “flight” factors and ‘“human” factors.

Flight factors

Altitude. In table XVII, data from several sources are arranged.
in the order of increasing peak altitudes. In general, it is apparent
that the incidence of abdominal symptoms increases with increas-
ing altitude. The comparison would, of course, be more satisfactory
if all of the experiments tabulated had been conducted under uni-
form conditions. In spite of certain variations in procedure,
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however, the tendency for abdominal symptoms to occur more
frequently at higher altitudes is apparent.

Rate of Ascent. In table XVIII, eleven sets of data for flights
to 38,000 feet are arranged in order of increasing ascent rate.
Except for data of Henry et al. (127), the incidence of total
abdominal symptoms appears to increase with increasing ascent
rate, but the effect is r.t striking. There appears to be no
effect on the incidence of incapacitating symptoms. Blair et al.
(33) have reported no difference in the incidence of symptoms at
ascent rates from 2,000 to 5,000 feet per minute.

In this connection, the occurrence of abdominal symptoms fol-
lowing explosive decompression should be pertinent. It has been
reported that only 1 of 10 subjects explosively decompressed to
45,000 to 50,000 feet experienced severe gas pains (232). Edel-
mann et al. (65) did not note an unusual number of severe ab-
dominal symptoms in several hundred subjects explosively
decompressed through a range of pressures of 2 to 21 p.s.i. per
second. This would be equivalent to changing the simulated
altitude from 8,000 to 35,000 feet in from 4.0 to 0.3 seconds. It
should be noted, however, that of 709 tests on animals, one guinea
pig died of peritonitis due to a ruptured stomach which occurred
after 6 explosive decompressions at a rate of 1,124 mm. Hg per
second (256).

Human factors

Age. Table XIX summarizes the relationship between age and
incidence of abdominal symptoms in 4,423 subjects exposed to an
altitv e of 38,000 feet for 1 to 3 hours. Although the correlation
is not so striking as for bends, the incidence of symptoms does
appear to increase with age. If the subjects are divided into two
age classes, the incidence of total abdominal symptoms, 33.4%,
in the older age group (28 to 47) is considerably and significantly
higher than that in the younger group (18 to 27), 20.8%
(P < .0005). The incidence of incapacitating symptoms is not
significant]y different in the two groups.




TABLE XIX

Distribution of abdominal symptoms in two age groups
( Randolph Field data, 38,000 feet)

Total abdominal Abdortninal Abdor:\inal
e tymptoms symptoms No. of
Age no descent with descent subjects
NO. % NO. '70 No. ‘70
18 60 20.3 50 16.9 10 34 295
19 102 16.6 82 13.3 20 3.2 617
20 129 20.3 116 18.3 13 2.0 634
21 103 20.6 90 17.9 13 2.6 603
22 87 21.3 16 18.6 11 2.7 408
23 67 17.8 52 13.4 16 3.9 388
24 74 26.1 66 22.4 8 2.7 296
26 63 18.8 46 16.3 7 2.6 282
26 72 29.9 64 26.6 8 3.3 241
27 70 26.3 66 24.8 4 1.6 266
Total 817 20.8 708 18.0 109 2.8 3,929
28 42 35.6 40 33.9 2 1.7 118
29 16 28.1 13 22.8 3 6.3 67
30 18 45.0 16 40.0 2 6.0 40
31 14 28.6 14 28.6 0 0.0 49
32 17 24.3 15 21.4 2 2.9 70
33 9 18.7 1 14.6 2 4.1 48
34 13 448 12 41.4 1 3.4 29
3b 8 38.1 7 33.3 1 48 21
36 7 46.7 5 33.3 2 13.4 156
317 7 68.3 6 60.0 1 8.3 12
38-47 14 40.0 1 31.4 3 8.6 35
Total 166 33.4 146 29.6 19 3.8 494
Grand
total 982 22.2 854 19.3 128 2.9 4,423

Weight. Table XX shows the reiationship between weight and
the incidence of abdominal syinptoms in the same group of subjects.
Again, there appears to be an increase in the incidence of total
symptoms in the heavier classes. When the subjects are divided
into two weight classes, the incidence of total abdominal symptoms
in the heavier group (160 to 200 + pounds), 24.29¢, is slightly, but
apparently significantly, higher than that in the lighter group
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TABLE XX

Distribution of abdominal symptoms according to weight
(Randolph Field data)

Total abdominal Abdominal Abdominal
Weight o symptoms symptoms No. of
(1b.) ymp no descent with descent subjects
No. %o No. % No. %
120-9 20 21.0 17 17.9 3 3.1 95
130-9 7 19.9 64 17.9 7 2.0 356
140-9 166 214 144 18.5 22 2.9 71
150-9 216 19.7 185 16.9 30 2.8 1,092
Total 472 20.3 410 17.7 62 2.8 2,320
160-9 205 23.0 181 20.3 24 2.7 889
170-9 166 233 143 20.1 23 3.2 711
180-9 84 26.0 (X 23.8 7 2.2 323
190-9 35 26.3 25 18.8 10 1.6 133
2004 20 426 18 38.3 2 4.2 47
Total 510 24.2 444 21.1 66 3.1 2,108
Grand
total 982 22.2 854 19.3 128 29 4,423

(120 to 159 pounds), 20.3% (P < .002). Most of the difference
appears to be due to the rapid increase in incidence in individuals
weighing over 180 pounds.

Distribution of the two age classes in relation to the two weight classes
Ageclass 1 Age class 11

(18-26) (26-47)
Weight class I (120-169) 2,084 236
Weight class II (160-2004) 1,845 258

Although the heavier weight class contains a significantly
greater proportion of older individuals, indicating a significant
correlation between weight and age in the group studied, the
absolute magnitude of this difference in distribution does not
appear to be great enough to account for the observed difference
in the incidence of symptoms on the basis of age alone. In other
words, increasing age and increasing weight independently are
associated with an increased incidence of symptoms.

1
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Sex. The influence of this factor cannot be evaluated on the
basis of available data. However, as Gray (103) and others have
noted, female subjects commonly have severe abdominal distress
at altitude unless they are convinced that the social amenities need
not be observed and that the passage of gas usually affords relief

from distress.

Quantity of Gas in Intestinal Tract. X-ray studies have shown
that although the quantity of gas in the intestine may be a major
factor in the production of abdominal distress at altitude, it is
not the only factor. Thus, large quantities may be present in
subjects who have no distress and smaller quantities may be seen
in those who have fairly severe symptoms (174). In one study
at 38,000 feet, there was no consistent correlation between the
amount of gas present on x-ray and the occurrence of incapacitating
symptoms, except when the gas was present in the ileum (33). On
the contrary, Tillisch (241) believes that such a correlation exists.
It is not surprising that such differences exist, because—(1) the
volume of gas measured by x-ray is an approximation only;
(2) probably more important, the sensitivity and motility of the
intestinal tract as well as the degree of distention are of obvious
importance in determining the presence or absence of symptoms.

Anatomic Site of Gas Pocketing. According to x-ray studies,
gas in the lower ileum or upper colon caused a high incidence of
symptoms at 37,000 feet (33). The addition of 500 cc. of air to
the stomach resulted in slight to severe pain at altitude in 7 of
15 subjects; the same quantity added to the duodenum caused
incapacitating abdominal pain in £ of 13 subjects, and some distress
in all 13; severe distress occurred below 30,000 feet and incapacitat-
ing distress above this altitude. These authors found a consistent
relationship between incapacitating pain and the quantity of gas
in the ileum, but the relationship was inconsistent for other .ests.

Diet. Three types of dietary factors may be important in
abdominal distress at altitude: (1) the so-called “gas-forming”
foods which may contribute to the volume of gas present at sea
level; (2) foods which contain gastrointestinal irritants; and (3)
foods to which the individual m:.y manifest an allergic reaction.
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Blair et al. (33) found that the so-called gas-forming foods
were not associated with . n unusual incidence of distress at
altitude. Although the volume of abdominal gas was not uniformly
influenced by diet, these authors did find that high carbohydrate
meals were most likely to increase the volume. Flights taken
after two successive high carbohydrate meals were associated with
a higher incidence of abdominal distress than those following high
protein meals. In this same study, carbonated water and melons
were consistently found to produce gastrointestinal symptoms at
altitude. Kantor and Marks (153), however, maintain that CO,
ingested in carbonated beverages is either quickly belched or
rapidly absorbed, even from the stomach and, hence, is not likely
to cause flatulence. These observations, however, applied to
patients at ground level. In a recent study (42), the incidence of
abdominal distress in 7 subjects repeatedly exposed to an altitude
of 38,000 feet appeared to be increased on a high carbohydrate
diet, relatively unchanged on a high protein diet, and decreased
on a high fat and Larkin-Watt diet (see table XXI).

Alvarez (7) believes that melons, beans, cabbage, peanuts, pep-
pers, and cucumbers contain a gastrointestinal irritant substance.
Tillisch (241) found that subjects given an irritating diet and
exposed to 38,000 feet 3 hours later showed no more gas on x-ray
either at ground level or at altitude than they did on a bland diet.
In spite of this, however, there was an increased incidence of
abdominal distress on the irritating diet. This is another illustra-
tion of the fact that alterations in the sensitivity and motility
of the intestinal tract are as important as the amount of gas
present in determining the presence or absence of abdominal symy-
toms. The temperature of the ingested food may be important as
it is known that some individuals bloat suddenly when they take
ice cold fluid into an empty stomach (8). According to one report
(127), “he incidence of abdominal symptoms was thought to be
higher in flights taken 3 hours after a meal than in those taken
1 to 2 hours post cibum. This may be related to the observation
of Woodyatt and Graham (259) that in many hyperchlorhydric
patients, eructation occurs most frequently about 3 hours after
meals,
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TABLE XXI

Incidence of abdominal symptoms of 7 subjects repeatedly exposed

b

| to altitude (42, 142)

r

»

;s Time Average No.
: Altitude at rate of of
b (ft.) alt. ascent man-
I (hr.) (ft./min.) tests
: Control—no exercise 38,000 2 5,000 97
Control with exercise every

N 10 minutes at altitude 38,000 2 5,000 218
| High fat diet with exercise 38,000 2 5,000 65
I High protein diet with exercise | 38,000 2 5,000 92
E: High carbohydrate diet with

i:'. exercise 38,000 2 5,000 76
; Larkin and Watt diett 38,000 2 5,000 69
% 1-hour denitrogenation, ground

E.; level 38,000 2 5,000 63
i Intermittent pressure breathing

i 8" H,0 38,000 2 5,000 10
B Control—no exercise 40,000 1 5,000 105
:" Intermittent pressure breathing

K 8-11" H,0 47,500 1 5,000 50

*Not included as part of total symptoms.

110,000 units vitamin D, 156 gr. Ca lactate, 7.6 gm. MaCl, 2 qt. milk/day; continuous flow
of O used from ground level in all testa except those with intermittent pressure breathing.

There is abundant clinical evidence pointing to gastrointestinal
allergy as a cause of edema, inflammation, and altered irritability
and motility of the gastrointestinal tract (7). No specific studies
have been made relating gastrointestinal allergy to abdominal
distress at altitude, but such a factor, if present, would obviously
be expected to contribute to distress.

It is obvious from the complexity of dietary and other factors
that no simple instructions may be given to flying personnel regard-
ing diet. As Gray (103) has stated: “We tell flying personnel
that if they have any abdominal distress before a flight to high
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TABLE XXI (Continued)

T N T TN CON S SN Y Ty @ Y Y
v

Total Abdominal Abdominal

abdominal symptoms symptoma Belching* Flatulence®

symptoms no descent with descent
No. % No. Y No. % L No. e No. c70
20 20.6 19 19.6 1 1.0 14 76.2 73 76.2
32 14.6 20 13.3 3 1.3 118 51.8 | 188 83.9
3 6.4 3 5.4 Q 0 43 78.3 45 81.9
N 16 17.6 14 16.4 2 2.17 58 64.1 79 85.0
25 328 | 23 (32| 2 |26 |67 |82 13 962
9 7 10.1 7 10.1 0 0 51 74.0 67 97.2

5]

2 7 |32 & 94 | 2 38 | 2¢ |453 | 25 | 412
10 14.3 9 12.9 1 14 42 60.0 b2 74.3
33 32.0 33 32.0 0 0 84 80.0 84 80.0
28 54.0 25 50.0 3 5.3 60 100.0 50 100.0

altitudes, it will in all probability get worse and not better on
reaching altitude. With respect to diet we tell them that if they
know from their own experience that any particular foods cause
them trouble, they should avoid them when possible.”

Alcoholic Beverages. Occasionally, a subject will ascribe his
abdominal distress at altitude to the ingestion of beer or whiskey
during the 24-hour period prior to ascent. In this connection,
there is experimental evidence that alcohol in quantity can alter
the motility of the colon in the dog and in man for several hours
after ingestion, but it has not been proved that these effects

95
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would endure as long as 12 to 24 hours (4). Clinically, however,

it is recognized that gastrointestinal upsets are quite commeon

12 to 24 hours after ingestion of large quantities of alcohol,

depending upon the individual differences in capacity and tolerance.

There are several studies which provide data on the effect of - 3
alcohol on abdominal distress at altitudes. According to one :
study (33), the ingestion of beer the night before ascent not only

failed to increase the incidence of abdominal distress at altitude, .

but actually appeared to decrease it.

LR @S
L

NLEERLS A

Data obtained at Randolph Field are summarized in table XXII.
These tests were made on cadets exposed to 38,000 feet for 2 to

Lj' 4 hours. In contrast to the results quoted previously, these data :
t‘j show a statistically significant increase (P < .01) in the total S
F_j incidence of abdominal symptoms in those subjects who had _
% partaken of either liquor or beer during the previous 24 hours. The

- incidence of incapacitating abdominal symptoms was not signif- -
S icantly different in the three groups. . ;
4 TABLE XXII

& Effect of alcoholic beverages on incidence of abdominal symptoms

“- at 38,000 feet (rate of ascent 4,000 ft./min.)

' (Randolph Field data) ¢
o .
) : 'No alc?hol Liquor— Beer—
X in previous 2 bottles R

24 hours 3 oz. or more oF ione L

) No. % No. % No. Yo

- Number of subjects 1,493 | 100 | 108 [100 | 128 |100
\ Number with no abdominal g
:‘_ symptoms 1,062 | 70.5 64 69.2 71 5b.6

t Total with abdominal symptoms* 441 | 29.6 44 40.8 67 44.4

‘: (a) Abdominal symptoms—

N no descent 369 | 2471 40 371 48 37.4

_‘_ (b) Abdominal symptoms—

' with descent 72 4.8 4 3.7 9 7.0

5 T idlinie. Migtentinn with Bistireas or pnin. ant descents due to v,

N

~ 96

3

Y L S T e T T R N T A T R L R A e AT T AT A




Drugs. in an attempt to reduce the incidence of abdominal
symptoms at altitude, both stimulatory and inhibitory gastro-
intestinal drugs have been tried without success. Among those
tried have been a mixture of Prostigmine and atropine, and such
“antispasmodics” as Pavatrine and Metropine {33). If they had
any effect at all, these drugs appeared to increase rather than
decrease the amount of abdominal pain at altitude. It has been
noted in controlled colon motility studies (2) that if propulsive
waves reach a segment which contains gas or other mateiisl, and
if the segment does not respond in a synergistic manner hy
“accepting” the wave, a mild to strong cramp-like sensation may be
felt. Prostigmine, by increasing propulsive colon motility (3),
could exacerbate this mechanism, especiaiiy at altitude, since the
exaggerated motility would be acting on expanded gas.

Denitrogenation. This procedure is highly effective in pre-
venting bends and chokes at altitude and, conceivably, might be of
some value in the prevention ¢i abdominal symptoms. Table XXIII
summarizes data from several sources regarding the effect of
denitrogenation on abdominal distress at altitude.

The only study in this group which was specifically concerned
with abdominal symptoms is that of Henry et al. (127). In this
study, all subjects ate in a common mess hall, and other factors
were controlled so that the results should be reliable. The data so
cbtained show a significant (although small) reduction in the
total incidence of abdominal symptoms after 51 minutes of de-
nitrogenation (.02 < P <« .05), and a considerable significant
reduction after 111 minutes (P < .003). The observed reduction
in the incidence of incapacitating symptoms to zero after 111 min-
utes of denitrogenation is also probably significant (.05 < P < .08).

Ivy’s data (143) shows a reduction in the incidence of tctal
abdominal symptoms from 20.69¢ to 13.2°¢ following 63 minutes’
denitrogenation. Although this difference is not statistically
significant (P > .05), it is of the same order of magnitude as
Henry’s observations and would probably prove to be significant if
more cases were studied. Abdominal symptoms which caused
descent were slightly ircreased.
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Cray’s data fails to show any significant effect from 45 minutes
of denitrogenation on the total incidence of symptoms. The oc-
currence of only one carse of incapacitating abdominal symptoms
in 181 tests following 15 minutes’ denitrogenation at 15,000 feet
may be reiated more to the delay in reaching altitude than to the

denitrogenation.

In summary, denitrogenation, if carried on long enough, appears
to reduce the total incidence of abdominal distress at altitude, but
the reduction is not as marked and requires a longer period than a
similar prophylaxis for bends and chokes. The incidence of in-
capacitating abdominal symptoms is not significantly altered by
this procedure.

Ezercise. 1t is difficult to determine the effect of exercise on
the incidence of abdominal symptoms at altitude from the data
available; first, because there are few comparable sets of data
with and without exercise, and second, because the exercise was
not usually begun until 5 to 10 minutes after reaching peak
altitude and most abdominal symptoms begin earlier than this.
Data from experiments in which incidental observations were made
on this point have been assembled in table XXIV.

The only directly comparable data appears to be that of Ivy
et al. (143), and this shows a reduction in the total incidence of
abdominal symptoms from 26.6% in the nonexercise group to
14.6 - in the exercise group, a difference which is not statistically

significant (P > .15).

If the total for all of the tests with exercise is compared with
the total for those without exercise, the incidence of total ab-
dominal symptoms is 27.1% in the former and 13.7% in the latter.
Note, however, that this high value in the exercise group is deter-
mined largely by the extraordinarily high incidence of 44.3%

reported by Bridge et al. (36).

In summary, the available data do not permit any conclusions
regarding the effects of exercise on abdominal distress at altitude.
Theoretically, one might expect either a Leneficial effect due to
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the promotion of the expulsion ¢f flatus, or a harmful effect due
to an increase in abdominal pressure when the abdominal muscles
are contracted.

Ezxperienced Versus Inexperienced Personnel. Henry et al.
(127) do no' believe that adaptation reduces the number of ab-
dominal symptoms on successive flights, because in a series of
80 men exposed twice to 38,000 feet, there was no decrease in
the number of abdominal symptoms in the second tests as compared
to the first. However, table XXV presents data which tend to
show that experienced personnel do have a lower incidence of total
abdominal symptoms and abdominal symptoms which cause descent
than do inexperienced personnel. Because of the large number
of factors entering into production of gas pains at altitude, only
a general explanation is possible. Experienced personnel are less
apprehensive. Forewarned of their time of ascent, they probably
pay more attention to dietary factors and, if ill due to any cause,
will postpone their scheduled ascent to another day. In addition,
experienced personnel are aware of a few miscellaneous measures,
such as emptying bowels, loosening belts and clothing before ascent,
massaging abdomen if distress does begin at altitude and, most im-
portant, tolerating abdominal symptoms at altitude if not too severe,
since in 5 or 19 minutes, passage of gas and belching will relieve
most symptoms. In Ivy’s experiments, the latter means of as-
surance was very effective, even with inexperienced personnel, and
probably explains the relatively low incidence of descents due to
abdominal pain at 40,000 feet (table XVII).

Anatomic Defezts. In isolated cases anatomic defects may be
factors in causing ahdominal symptoms. In one instance of r’7ht
inguinal hernia, severe pain localized to the right lower abdomen
occurred before reaching 38,000 feet and caused descent (table
XXVI). Similarly, one subject with a history of ruptured ap-
pendix was forced to descend with symptoms referable to the
center of the abdomen. A third subject with a history of gunshot
wound which pierced intestines and bladder had tolerable abdominal
symptoms in the location of his operative scar {Randoiph Field
data).
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TABLE XXVI

Miscellaneous factors present hefore ascent given by subjects
as cause for abdominal symptoms at 38,000 feet
(Randolph Field data)

Total Abdominal Abdominal
abdominal symptoms symptoms
No. symptoms no descent | with descent
No. L/ No. Ye No. 1/
Chronic G. I. factors
(a) Constipation 26 21 80.7 12 46 9 34.7
(b) Hernia present 1 1 |100 0 0 1 1100
(c) History of ruptured
appendix 1 1 |[100 0 0 1 {100
Acute G.I. factors
(a) Cathartics 3 2 66 1 33 1 33
(b) Diarrhea 4 3 75 0 0 3 75
(c) Stomach-ache 8 6 75 1 12.5 5 62.5
(d) Eaten excess 22 15 68.1 7 31.8 8 36.3
(e) Missed meal before| 39 7 18 5 128 2 5.2
Acute food factors
{(a) Rich cake 1 1 100 0 0 1 100
(b) Beais 7 7 1100 5 714 2 28.6
(c) Milk in excess 1 1 |100 0 0 1 100
(d) Sausage 2 2 {100 1 650 1 50
(e) Bananas in excess 2 2 (100 2 100 0 0
“Head colds” 147 71 48.3 20 13.6 51 34.7

Taylor and Robinson (234) reported a case of functional cardio-
spasm which repeatedly caused symptoms at 38,000 feet. The
distention was severe enough to reduce vital capacity 62%. After
insertion of a stomach tube with expulsion of gas, the subject’s
vital capacity was 929 of normal. Collins (566) reported that a
patient, age 23, with a congenital megacolon, first noted symptoms
at 10,000 feet and complained of considerable abdominal distention,
dyspnea, and precordial pain at 14,000 feet on an airplane trip.
Symptoms disappeared when the plane lowered its altitude and
reappeared on ascent to 14,000 feet. This time, however, he re-
lieved himself considerably by passing gas. That altered anatomy
and physiology are important is emphasized by this observation:
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Colostomy patients are given an extra supply of clean bandag
when evacuated by air, since gas and fecal material are discharged

in excess from the orifice at altitude as compared to the rate at
ground level. This is probably due to stimulation of colon motility
by expansion of gas in the gastrointestinal tract and, of course, the
absence of functional sphincters. Heath (123) reported a subject
who had recurrence of abdominal pain on repeated ascents in the
altitude chamber. Investigation showed a diaphragmatic hernia to

be present.

Acute or Chronic Gastrointestinal Upsets. Temporary or pro-
longed deviations from the normal physiology of the gastroin-
testinal tract are attended by a high incidence of abdominal
symptoms, many severe enough to cause descent. Chronic con-
stipation, acute diarrhea, cathartics, etc.,, as possible causes of
symptoms, are listed in table XXVI. In this series, ‘“missing the
meal before ascent” did not increase symptoms, although one re-
port (230) indicates that discomfort occurred in a few individuals
who had not eaten breakfast.

Discussion. As Gray (103) has pointed out, there are at least
four factors concerned in the production of abdominal symptoms
at altitude: (1) the quantity of gas in the bowel at sea level;
(2) the amount of expansicn at altitude; (3) the ability of the
bowel to eliminate the expanding gas; and (4) the sensitivity of
the bowel to pain. The relative and absolute importance of these
several factors may vary widely within and among individuals so
that one should be cautious in overstressing any one of them at
the expense of the others.

Quantity. According to Blair et al. (33), the gastrointestinal
tract of young men on a normal mixed diet contains approximately
1,000 cc. of gas. Most of the gas is found in the stomach and colon.

Sources. There are three sourccs of intestinal gas: (1) Ac-
cording to current opinion (179), most of the gas originates from
swallowed air which is ingested with, or independently of, focd
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and fluids. Thus, we would expect the quantity of gas present to
depend primarily on the degree of aerophagia. Apprehension and
anxiety are factors which may increase this phenomenon (7, 179).
(2) A second, and usualiy less important, source of intestinal gas is
the putrefaction of food residues by bacterial action, primarily
in the proximal colon. This factor might be expected to be in-
fluenced considerably by diet and by gastrointestinal stasis. In
this connectior, it is of interest to note that Kantor and Marks
(153) cite a patient whose bowel produced so much hydrogen
sulfide that siiver sulfide was produced on the coins in his pocket.
(3) A third source of intestinal gas is the blood stream. There is
evidence *hat, given sufficient time, gases in the subcutaneous
tissues (46), or in various body cavities—pleural (237), peritoneal
(46), intestinal lumen (9, 178, 201)—tend to come into approximate
tension equilibrium with the gases in venous blood. Gases will
diffuse in one direction or the other, depending on the pressure
gradient, until approximate equilibrium is reached. It may also
be important in the “sudden bloating’” which occurs in allergic
individuals on eating certain foods.

Composition. Data on the composition of Intestinal gas in
normal human beings are meager, but that which is available
confirms the expectation that most of the gas present is nitrogen
(table XXVII) (9, 20, 81, 206). Smaller amounts of CO, and O,
are present and, depending on the diet, 2 variable proportion of
the putrefactive gases, CH,, H,, and H,S may be present.

To summarize a long discussion presented elsewhere (5):
Most of the gas in the intestinal tract at sea level is nitrogen.

On ascent to altitude, the intestinal gases expand according to
Boyle's law, the major contribution to the expansion being nitrogen.

Diffusion of O,, CO., and H,0 from the blood is a potential
source of additional gas expansion, at least during the first 30 to
60 minutes at altitude. Nitrogen diffusion cannot contribute very
much to the total.

107

Ay 4% “y v~




- T T T T T N, N N A X O T o M M i e M T M T T T ™ o M e ” x:_

TABLE XXVII ) 2

Table showing marked variations in composition
of colonic gases tn man

0, | co, | N, | cH, | H, | H,S (CZ‘,’;‘;";:,)

Ref. 206 .

a. Milk diet 1 — | 168 | 384 09 | 439 — ¥
Milk diet 2 — | 90 | 367 o0 | 548 — X

b. Meat diet after i
24 hr. — | 136 | 46.0| 374 | 3.0 — >
Meat diet after , -

48 hr. — | 126 | 67.9| 276 | 21 , — 3
Meat diet after : L

72 hr. — | 85 | 64.4] 265 | 0.7 — SN

c. Diet of legumes 1 — | 840 | 191] 446 | 23 = &
Diet of legumes 2 —_ 38.4 107} 49.4 1.6 —_— )
Diet of legumes 8 | -— | 21.0 | 189( 659 | 4.0 —_ -

- ‘7

Ref. 81 07 [ 103 | 59.4| 296 [ — 1,000 k
Ref. 20 ;
Undetermined , i

Subject 1 83 | 10.3 80.9 590 ~
Subject 2 79 | 49 81.2 585 &
Subject 8 9.2 | 26 88.3 425 N
Subject 4 114 | 26 ., 86.0 6566 X
Average ' 9.3 | 6.1 . 86.6 B
Ref. 9 (normal flatus)
Subject 1 03 | 80°)|864] 01 | 52 0 2

Subject 2 02 | 107 | 825| 20 | 46 0

Subject 3 1.4 |109 | 771 07 | 9.9 0 '
Subject 4 10 | 93 [837] 02 | 58 0 ‘-
+ Subject b 43 | 78 (840! 02 | 42 (] %
Subject 6 00 | 127 | 849 20 | 24 0 i

Since, in high altitude exposures, most abdominal distress :
occurs either during ascent or within the first 5 minutes at peak S
altitude, and since, according to the above calculations, the dif- .
fusion of blood gases into the intestinal tract lumen requires
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considerable time to reacH completion, it is probable that the
expansion of the original gas present, chiefly nitrogen, is mainly
responsible for the production of abdominal symptoms at altitude.
This does not mean that diffusion does not contribute; it un-
doubtedly does, and its contribution may be considerable. To
evaluate its magnitude, experimental studies on closed loops of
bowel would be of great interest.

R T T e BT TS

Since conditions favor a tremendous expansion of intestinal
gases during the first 30 to 60 minutes at altitude, absorption not
being possible before this time, it is obvious that the expanding
gas must be eliminated to prevent the occurrence of symptoms in
most individuals.

It is pertinent in this connection to inquire into the thecretic
value of denitrogenation in preventing abdominal distress at al-
titude. From tl.eoretic considerations (5), we would expect that
a maximum of only 30% of the nitrogen present in the bowel
could be removed by breathing 1009 oxygen at sea level for 1 hour,
a procedure which is quite effective in reducing the incidence of
“bends.” There is considerable experimental evidence that such
a procedure is actually quite ineffective in promoting the absorp-
tion of nitrogen from closed loops of bowel. Thus, in cats, McIver
et al. (178) found no absorption of nitrogen from a closed loop
of small intestine after 1 hour of oxygen inhalation and only 14%
absorption ofter 2 hours. Fine et al. (77) placed nitrogen in
closed loops of the small intestine in cats and found only 26.2%
absorbed after 6 hours of oxygen inhalation and only 44.9% after
12 hours. Thus, one cannot expect much from relatively short
periods of denitrngenation in reducing the original quantity of
nitrogen present ir the gastrointestinal tract. This procedure
would, of course, have no effect on the expansion of gases due to
the diffusion of O,, CO,, and H,O from the blood. It would reduce
the diffusion of nitrogen, but this i an insignificant factor.

The sensitivity of the bowel to pain and the elimination of the
expanding gas in the bowel at altitude are important factors. It
is instructive to consider briefly the resistance offered by the
bowel when gas expands. There is a resistance which depends
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L upon the elastic characteristics of the colon wall and the motility
and tone of its musculature. This resistance will reduce the actual
expansion of the gases below the theoretic values which can be
calculated, and any such reduction will be accompanied bv a cor-
responding rise in the intraluminal pressue. The question then X
arises as to how much distention or how great an increase in :
intraluminal pressure is necessary to produce symptoms. The i
available data indicate that the potential expansion of intestinal 5
gases at 38,000 feet and even lower is adequate to produce not T
only mild symptoms, but also rather severe symptoms in some :
individuals (205). /| .
|

Thus, 14 to 26 cc. of air (measured at room temperature and
ambient pressure) introduced into a balloon in the lower esophagus ‘ v
will produce a burning distress (191). The corresponding in- g
traluminal pressure varied from 80 to 150 mm. Hg. According to 0,
Chapman and Jones (53), an intraluminal pressure of 27 mm. Hg
will produce pain in the lower esophazus. .

In the stomach (191), 400 to 500 cc. n{f air will usually produce
symptoms which are variously descrihed as “fullness,” “sickish gas
pain,” ‘“‘ache,” “cramps,” “bloating,” etc. In these experiments,
intraluminal pressure roze rapidly to about 40 mm. Hg with the
introduction of the first poriion of air, but then remained relatively
constant when more was added.

- - W e o gt e = AW P s eV
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In the duodenum, Ivy (140) found that 50 cc. of air would
produce nausea and chilliness. According to Polland and Bloom-
field (191), 50 to 100 cc. of air introduced into the duodenum are
usually adequate to produce symptoms variously reported as
“severe sharp pain or ache,” “hot sticking pain,” or “burning
cramp.” Nausea and vomiting occurred frequently. Intraluminsl
pressures of 60 to 120 mm. Hg were recorded. : !

Forty cc. of air introduced into the jejunum will produce pain,
according to Jones (146).
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In the descending colon (191), it was found that 100 to 200 cc.
of air introduced into a balloon was usually adequate to produce
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symptoms described as ‘‘severe cramping pain,” “gas pain,”’ ‘‘gassy
distended feeling,” “awful stomach-ache,” etc. Intraluminal pres-
sures were not reported.

It would, thus, appear that a voiume of gas in the neighbornood

of 100 ce. confined in a localized segment of the duodenum,

! jejunum, or colon is adequate to produce symptoms. Considerably

less than this is adequate in the esophagus, and considerably more

is necessary in the stomach. According to previous calculations

(5). such volumes should be eesily attaned by the expansion of
intestinal gases on ascent to altitude.

The facility with which the expanding gases at altitude are
eliminated, or the degree of abdominal distress when the gases
are not eliminated, may depend upon the motility of the gastro-
intestinal tract.

Motility of Bowel and Elimination of Expanding Gas at Altitude

General concepts of motility

We may use the colon as an example of an organ concerned in
production of abdominal symptoms. The motility of the alimentary
tract may be classified primarily as propulsive or nonpropulsive.

Propulsive motility constitutes about 10’4 of the total mo. lity
\2) and, by definition, implies that intersegmental motility is
synergized or coordinated and that the contents of the bowel are
moved.

Normally, about 909 of the colon motility is nonpropulsive,
which means that, intersegmentally, the motility is relatively un-
organized.

The colon is composed of functional segments which cannot be
described on a structural basis. Anatomically, the segments are
referred to as ascending, transverse, and descending colon, but on
the basis of motor activity, the colon is composed of small or large
divisions depending upon the type of motility which is manifested
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at any particular time. When two adjacent segments 5 cm. apart
manifest the same general type of activity so that a propulsive
wave passes from one to the other, then the two segments
"represent an integrated or coordinated functional unit 5§ cm. in
length. In a “mass peristalsis,” as in defecation, an entire
anatomic division of the colon may rzpresent a functional unit
which is 50 cm. in length.

Dyskinetic motility induced by expansion of gas

Normalily, one is not conscious of a propulsive wave in the
colon. However, when a strong propulsive wave occurs in a
proximal segment of the bowel and is not ‘“accepted” by the distal
segment because of the latter’s dyskinesia or incoordination, a
sensation of tension bordering on a cramp may be experienced.
Gas, in particular, when acted upon by strong motility, tends to
cause these symptoms and is often difficult to propel. It is even
possible that gas can be moved proximal to its original location
instead of distal as might occur if a strong propulsive wave should
encounter a dyskinetic distal segment with higa tonus. Under
these conditions, the strong motility increases the intraluminal
pressure momentarily in local areas 28 the wave progresses. When
the functionally obstructed area is encountered, the gas under
increased pressure will tend to return proximally to areas of
reduced pressure.

Dyskinetic motility per se can be a cause of intestinal pain
independent of the quantity of gas present in the gastrointestinal
tract. This fact was noted in studies of colostomy patients which
extended over a period of a year (2, 3). In this connection, Temple-
ton (236) noted gastric pain in some subjects with no x-ray
evidence of abnormalities in stomach motility.

It is possible that these strong colonic waves, which are not
well integrated with distal segments, operate to produce some of
the symptoms of gaseous distention at high altitude. It is more
logical to believe that if strong intestinal waves were exerting
force against a large quantity of gas, abdominal symptoms would
be experienced to various degrees depending upon practically all

. . -
L LT ",.‘. RPN
T, 5, T % e

.’%

a
[P v §

5




r Y - AR » B R e o ;
DA AT A e AR P i i it et g I a®y s 0a's LD ARG WEAS A ST Sl ) i P e e i A P e I P
.

the factors enumerated in this paper. It should also be pointed

" out that inhibition or relaxation of some segments of the colon
to an excessive degree and for long periods of time is just as much
a part of the concept of colon dyskinesia as is high tonus, spasm,
or dyskinetic motility. Such ‘“ballooning out’” of some segments
with motility in others has been noted to occur not only after
administration of morphine to human subjects (1), but also
spontaneously (2). With these concepts in mind we may proceed
to theoretic explanations of the mechanisms of certain instances
of abdominal symptoms at high altitudes.

A common observation at altitude is that passage of gas as
flatus or by eructation usually affords relief of abdominal symp-
toms which occurred on ascent or shortly after reaching altitude.
In these instances we may assume thet the initial symptoms were

due to:

1. Gas expansion causing distention of the bowel. The most common and
effective satimulus to gastrointestinal motility is a moderate degree of
distention of the intestinal wall (48).

2. The propulsive motility initiated by such distention caused passage
of gus whi~h relieved the distention. This passage of gas probably was
effected by propulsive motility, but passive overflow through cardiac and
anal sphincters might also occur.

In a number of cases of abdominal paih at high altitude, large
amounts of gas are expelled but only slight relief of pain is
afforded. If we assume that the original volume of gas is reduced
by expulsion of gas, then il may be true that dyskinetic motility
persists or that the residual gas is sufficient to distend an irritable
focus, and dyskinetic motility exacerbates pain. It may also be
possible that the gas which is passed is replaced by gas from more
proximal segments or, if sufficient time elapses, by gas from the
blood; hence, in spite of gas elimination, the resultant reductions
in overall pressure and volume are insufficient to relieve symptoms.
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Abdominal gas symptoms may disappear at altitude without
perceptible eructation or passage of flatus. It is possible that:

1. The quantity of gas was decreased by imperceptible passage of flatus
or eructation. Normally 380 to 666 cc. of gas can be collected in 24 hourr
from individuals unaware of its passage (20).
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2. The bowel adapted itself to the stimulus caused by yas expansion by
moeving the gas to less irritable foci.

3. Dywskinetic motility <timulated by di:iention ceased,

1. If the elapsed time at altitude werc great enough. considerable gas
may be absorbed from the bowel into the Glocd and eliminated through the
lungs. It is of interest to ncte that, at a S:ihcommittee Meeting on I[ntestinai
Gas (179). it was postulated that the swallowing of air might contribute
not only to bowel disturbance. but alse, tnrough its absorption at altitude,
te production of aerc-embolism.

In a few but definite instances, abdominal symptoms severe
enough to cause descent were noted to begin in the latter part of
a 2- or 3-hour exposure to 38,000 feet. Theoretically, this might
occur if:

1. Enough oxygen were swallowed to cause distention.

2. Accu: ulation of gas occurred in local regions after expulsion from
proximal regions of the bowel.

3. Dyskinetic motility appeared with relative suddenness. That this can
occur has been shown previously (2).

Abdominai pains at altitude vary from mild to severe and may
be sharn or dull; in addition, they may decrease in severity, attain
a relatively steady state, or be progressive or intermittent. Oc-
casionally, if severe, they may persist for 24 hours after descent
(16). The concept of gastrointestinal dyskinesia may be used to
explain these phenomena. For example, intermittent distention
svmptoms were noted to cccur in colostomy patients concomitantly
with motility and tonus characteristically dyskinetic in nature. At
unpredictable moments the motility would become intersegmentally
syvnergized, colon contents would be moved, and immediate allevia-
tior. of symptoms result (2). It is possible that intermittent
abdominal distress at altitude is due to such a mechanism. Un-
fortnnately, x-ray data is incomplete on this point and probably
would fail to be conclusive because interpretation is difficult with-
out extensive knowledge of normal motility patterns for each sub-
ject. Unfortunately, also, as far as the x-ray interpretation is
concerned, the facts are:
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1. If some of the gas is passed, the pressure or tension ir reduced and,
hence, svmpioms due to distention may be lessened.

2. The remainder of the gas, however, may expand voiumeirically &and
ocerepy almos* as large an area. Because ¢f tecnnical factors, ar.y changes in
density of gas shadows in x-ray exposures before and after gas expulrion may
be difficult to interpret. Thus, it might be assumed by x-ray that the same
quuntity of gas was present in an area when auch was not the case The
above fectors may be the explanation for such staiements as “there was no
correlation between the amount of gas expclled (o the changes in volume of the
intestinal gas or relief of symptoms’ (33).

Dyskinetic motility due to psychic factors

There are no controlled altitude experiments specifically deal-
ing with the relation of preflight psychic factors to the incidence
of gas pains. McLester (179) gave anxiety as a factor, and Blair
et al. (33) have indicated in x-ray studies thit the quantity of
intestinal xgas may be increased by anxiety.

Other evidence that psychic factors may play even a minor
role in the cccurrence of abdominal distress at altitude must neces-
sar.ly be shown indirectly. This can be done by correlating
clinical concepts of the eticlogy of gastrointestinal symploms with
the type of abdominal symptoms encountered in high altitude
studies.

Many types of clinical evidence exist which show that rapid
changes of motility and gas content of the gastrointestinal tract
with production of symptoms take place under conditions of anxiety
and apprehension., A few examples should suffice:

1. The chronic “belcher” is often a reurotic who, with a few swallows of
liquid, can also ingest 500 cc. of air. This air usually reaches only the lower
esophagus and produces symptoms of fuilness and bloating, but may reach
the stomach (7).

2. A peculiar tyvpe of powerful sighing respiration can soon fill the
stomach with air (8). Possibly this is a facter on ascent to altitude when
oxygen mask= are put on for the first time and a degree of anxiety is present
in some individuals. In this connection, Behnke and Willmon (30) founa that
the us2 of a mouthpiece for helium-oxygen respiration led to large quantities
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of gas becing swallowed with production of subsequent severe abdominal
symptoms. In fact, masks had to be substituted. They also strictly limit
the cnewing of gum berore ascent to altitude for the same reason.

3. Warren, quoted by Alvarez (8), had noted that “the first film made
by a sensitive patient just before he submits to the passage of ureteral
cacheters usually shows but i'“tle gas, whereas the second film made after the
catheters are in place shows the small bowel to be filled with gas.” Presum-
ably, some of the gas in the intestine is apparently excreted from the blood
becaus~» of change in vessel permeabilities caused by blanching and blushing
of the mucosal vessels brought on reflexly.

4. Practically al! altitude chamber tests are conducted on relatively young
male adults in good health. It may, however, be sufely assumed that there
is a certainn amount of preflight tension even in veterans of many exposures,
but especially in novices. In the latter group, one could expect to find a
small group of susceptible individuals who, when put under strain, have
gastrointestinal symptoms as pairt of their total response. These occur even
at ground level. Obviously, ascent to altitude with its resulting gas ex-
pansions «hould, in some cases, aggravate the condition for the following
reasons: (a) The stomach and colon of mea are easily influenced reflexly
by anxiety and apprehension through extrinsic nervous pathways. It is well
known that altered motility of these organs result. (b) Since the gquantity
of gas is an important factor in production of symptoms, added to the anxiety
effect, mcst of the free gas which could be expected to expand with decreased
barometric pressures is found to be situated in the stomach and colon.
Summation of factors (a) and (b): Varying degrees of these two factors
could resu't in symptoms of distention which would be dependent upon the
extent to which the altered gastric and colonic motility initiated by anxiety

was unable to mov2 trapped gas.

5. Distention of the gastrointestinal tract is the most efficient stimulus
causing changes in tonus and motility. Some changes are local to the area
of distention. Some changes occur in other portions of the tract by entero-
enteral reflexes. The degree of pain, distention, bloating, etc., caused by
these changes is also dependent upon a number of iactors: (a) The colon
usually has a higher threshold for pain caused by distention “han the small
intestine of the normal subject. (b) There is a wide variation in the
threshold for intestinal pain among various subjects. This is usually
explained clinically by considering that only in some people does the
gastrointestinal tract act as a ‘‘sounding board” for reflex nervous symptoms.
Stated unother way, the stomach and colon of some individuals are more
“educated” to functional dyskinesia and the threshold for pain is not so high.
That the gastrointestinal tract may be ‘‘educated” to pain is supported by
this type of evidence. Subjects have swallowed balloons which were distended
to cause pain. Early in such studies localization is poor, and generalized
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discomfort occurs much as in abdominal symptoms st altitude. After several
teats, however, the subject can localize his symptoms to more definite areas.
Many such experiments checked by x-ray have been performed by Ivy (140).

Effects on the Ear

One of the most common manifestations of altitude dysbairism
is the effect of barometric pressure changes on the middle ear.
The importance of these effects in aviation medicine have been
discussed by Armstrong (15-17). 1In caisson disease, the data of
Heller et al.,, quoted by Hill (129), showed that ear difficulties
constituted about 21.5%¢ of the total symptoms.

Initial symptoms arise as a result of poor ventilation of the
middle ear due to inadequate function of the eustachian tube during
changes in barometric pressure. Repeated episodes of baro-
traumatic injury to the tympanum may result in chronic as well
as acute effects.

Definitions

Barotalgia. Ear pain caused by dysbarism of the middle ear.
Barotalgia refers to the acute barotraumatic injury producing
varying degrees of fullness and pain.

Baroiitis Media. An acute or chronic traumatic inflammation
ot the middle ear caused by dysbarism. It is acute when infection
or inflammation of the middle ear follows dysbarism within hours
or a few days. It is chronic in those individuals who have had
repeated barotraumatic injury with repeated otitis media.

Rarotitis Externa. An acute or chronic, traumatic ear condition
resulting in inflammation of the external auditory canal and
tympanic membrane and caused by a pressure differential between
the external auditory canal and the middle ear, usually associated
with complete plugging of the external ear.

Rarotraumatic Deafness. An impairment of hearing, usually
temporary, which it part of the syndrome resulting from baro-
traumatic injury to the ear. Barotalgia and barotitis media are
especially prone to cause temporary losses of hearing and it seems
likely that permanent impairment of varying degree may result
froin repeated episodes.
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IPhysiologie mechianism of otic barolrauma

Tne physiologic mechanism is that of a failure to equalize
pressure or the two sides of the tympanic membrane during
changes in barometric pressure. This failure in pressure equaliza-
tion arises chiefly as a result of the peculiar structure and in-
adequate function of the rlutter-valve-like orifice of the eustachian
tube.

Normally, the pharyngeal valve of the eustachian tube favors
the movement of air from the middle ear to the nasnpharvny and
opposes the passage of air from the nasopharynx to the middle
ear. Several situations of interest can be schematically diagramed
as follows:

Normal Sca Level Conditions. At sea level, the pressure on
both sides of the tympanum is 760 mm. Hg (fig. 1).

EXTERNAL TYMPANUM

AUOITORY
CANAL MIDDLE EAR

760 mm Hg\ “

EUSTACHIAN TUBE

e T N 2

P Y

PHARYNGEAL VALVE OF L)
EUSTACHIAN TUBE

:
)
A

FIGURE 1
Normal sca level conditions. -
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Armstrong and Heim (17) have recorded quantitative data on
differential pressures as ‘hey aff-_t the equalization mechanisms
and cause ear symptoms.

Beginning at sea level pressure and on ascent to altitude, a
differential pressure of only 3 to 5 mm. Hg was needed before
there was a slight sensation of fullness in the ears. Examination

. showed a slight bulgiiig of the tympanum until at a 15 mm. Hg
differential there was a sudden ‘“click” which was heard and felt
in the ear. With this “click” the eardrum no longer b 'lged, which
meant that the eustachian tube valve had been forced cpen by
the expanding air in the middle ear. As ascent was made, values
other than 15 mm. Hg were recorded in the same individual. The
differential pressure needed to “force” the eustachian valve on
ascent from sea level varied from 5 to 30 mm. Hg in different
individuals, but the average values for the same individual were
remarkably constant.

Obstruction of Eustachian Tube. Acute or chronic conditions
such as upper respiratory infection, inflammation of the eustachian
tube, tumors, malposition of the jaws, or hypertrophy of the
adenoid tissue (Gerlach’s or tubal tonsil) at the orifice of the
eustachian tube can cause inadequate function of the valve either
on ascent or descent.

» Ascent to 5,000 feet

If ascent were made to 5,000 feet (632.4 mm. Hg) and the
eustachian orifice were completely blocked, then the differential
pressure acrass the tympanum would be 760 — 632.4 = 127.6 mm.
Hg (fig. 2). The tympanum would offer resistance but would be
bulged outward. In some individuals, the tympanum might pos-
sibly rupture since a differential pressure between 100 to 500 mm.
Hg can cause rupture (17). Behnke (23) gives the values at
between 250 to 500 mm. Hg.

Instances of severe otic barotrauma on ascent are not nearly
as frequent as those on descent and this is understandable since the
evitachian valve favors movement of air out of the eustachian tube
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: FIGURE 2

Ascent to 5,000 feet. {:
so that normally, at 5,000 feet, the pressure on both sides of the ’

tympanum would be in the neighborhood of 632.4. mm. Hg.

Descent from 5,000 feet

Suppose that an individual at 5,000 feet had equal pressures
on both sides of the tympanum (632.4 mm. Hg). If the eustachian
orifice was completely blocked and this individual was returned
to sea level, then the pressure differential across the tympanum
would again be about 127.6 mm. Hg, but the membrane would be
retracted—that is, pushed in—by the excess pr--3ure in the ex-

ternal auditory canal (fig. 3).
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!'ORIFIGE BLOCKED

FIGURE 3

Descent from 5,000 feet.

Instances of otic barotrauma are most frequent on descent be-
cause the flutter-valve-like action of the eustachian tube valve
opposes passage of air from the nascpharynx into the eustachian
tube and middle ear.

The eustachian valve normally opposes the passage of air from
the nasopharynx into the middle ear. This causes the greatest
disadvantage to the caisson worker and diver because, on being
exposed to pressures greater than atmospheric, the only way the
pressures in the external auditory canal and the middle ear can
be equalized is by forcing the eustachian valve to pass air from
the nasopharynx into the middle ear. In addition, the baro
traumatic injuries to the ear of the diver or caisson worker may
be more severe as well as more frequent because of the greater
ranges in pressures to which such individuals are expcsed. For
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exainple, if the diver is exposed to 2 atmospheres of pressure
(. < 760 — 1,520 mm. Hg), and if the eustachian valve is com-
pictely closed, he will have 1,520 mm. Hg pressure in the external
auditory canal and only 760 mm. Hg pressure in the middle ear.
Such a differential pressure of 760 mm. Hg would most likely

rupture the eardrums.

The functiornal inadequacy of the eustachian valve is chiefly
responsible for dysbaric symptoms of the middle ear. One should
keep in mind, however, that congenital malformations, tumors, in-
fections, etc., of the external avditory canal could also cause some
opposition to the free passage of air in and out of the canal and
result in dysbarism of the middle eiar. If the external auditory
canal were completely obstructed in a region external to the
tympanum, then on ascent the air between the obstruction and
the tympanum would expand and push the ea:drum in, provided
the expanding gas in the middle ear escaped from the eustachian
tube. Other situations and combinations of factors could be
elucidated, but the incidence of such cases is small.

Voluntary niaineuvers to equalize the pressure on the two sides
of the tympanum are usually successful, espcecially on ascent. It
is necessary, however, to point out one aspect of pressure equaliza-
tion difficulties; that is, when the pressure is lower in the middle
ear than in the external auditory canal as occurs on descent from
altitude or compression of a diver. If, on descent from altitude,
air does not freely enter the nasopharyngeal valve of the eustachian
tube to balance the increasing pressure in the external auditory
canal, then the pressure in the middle ear is “relatively negative”
.~ compared to the pressure in the external auditory canal. When
a “‘negative pressure” of from 80 to 90 mm. Hg is developed in
the middle ear, then the fibrocartilaginous portion of the eustachian
tube is ccllapsed and the two chief muscles (tensor veli palatini—
teonses the soft palate and opens the eustachian tube; salpingo-
jharyngeus—raises the upper and lateral parts of the pharynx
and opens the ostium of the eustachian tube) cannot overcome
negrative pressures of this magnitude (17). In other words, such
voluntary efforts as swallowing and yawning are inadequate to
open the eustachian tube and ascent to lower pressure should be
made to decrease the magnitude of the differential pressure.
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Of lesser significance is the phencmenon which sometimes
;. oceurs when individeals have been breathing supplementary oxygen
at altitude and then return to sea level pressure. It is thought in
this instance that the gas in the middle ear is chiefly oxygen, and

I when this oxygen is absorbed into the blood there may be a

slightly negative pressure developed in the middle ear (16), ac-
P companied by a feeling of fullness and “gurgling’” sensations if
. . fluid is present. These symptoms may occur from 2 to 6 hours

after a flight and endure for a variable length of time. The usual
experience is a sudden ‘“snapping” sound which is felt and heard
in the ear and most likely indicates the return of the tympanum
to its normal position when the negative pressure in the middle
ear i3 suddenly equalized by air entering through the eustachian
y valve. Concomitantly with the equalization of pressure, the feel-
¢ ing of fullness disappears and hearing is improved, provided the

barotrauma has not been severe. Possibly, the above phenomenon

could be experienced by patients breathing oxygen at ground level.

Tables XXVIII and XXIX hate been tabulated from Armstrong
and Heim (17).

TABLE XXViII
Pressure in the middle ear is greater than in the

external auditory canal (17)

Pressure higher

in middle eat Symptomatology
(mm. He)
Plus3-5 Perceptible feeling of fullness in the ear.
Plus 10 - 15 Distinct feeling of fullness. Lessened s>und intensity.
Plus 15 - 30 Increased discomfort with tinnitus of a hissing, roaring,

crackling, or snapping character. May be pain and mild
vertigo. (Pressure of 15 mm. Hg is normally sufficient
to force the eustachian valve and equalize the pressure—
produces an annoying “click” which is hesrd and felt
in the ear.)

PlaiChall S W VLS4

A Plus 30 or more Increasing pain, tinnitus, and vertigo.
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TABLE XXIX

Pviocsure in the middle ear 18 less than in the
erternal anditory canal (17)

Pressure lower
in middle ear Symptomatology
(mm. Hg)

Minus 3.5

Minus 10 - 15 Same as listed in table XXVIII.

Minus 15- 30

Minus 60 Severe ear pain, marked tinnitus, vertigo, and beginning
nausea.

Minus 60 - R0 Severe ear psin radiates to temporal region, parotid
gland, and the cheek: deafness is marked; vertigo and
tinnitus usually increase but tinnitus may disappear.

Minus 100 - 600 Tympanic membrane ruptures.

The following is quoted directly because of its descriptive
excellence (17):

At between 100 and 500 mm. of Hg (differential pressure between the
middle ear and external auditory canal) the tympanic membrane ruptures.

This occurrence is a dramatic episode in which the patient feels as
thovgh hit along the side of the head with a plank. A loud explosive
report is felt ond heard in the affected ear, there is a sharp piercing pain
on the affected side, vertigo and nausea become marked and collapse or
generalized shock follows. With rupture of the tympanic membrane the
acute pain quickly subsides, but a dull ache persists for from twelve to
forty-eight hours. Hearing is distinctly diminished and vertigo and nausea
may persist for from six to twenty-four hours.

The incidence of barotalgia is affected a great deal by the speed

of descent and the season of the year. It should be sufficient to
mention here that when emergency rapid descents are effected y
with the low pressure chamber the incidence of ear pain is con- S
siderably increased, and when the seasonal increase of head colds )
occurs, more individuals have difficulty descending from altitude. ;E;
The monrthly and annual reports of many altitude units indicate ’"‘
the overall incidence of barotalgia in many thousands of subjects ?_':‘
L
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18 3 to 677. The incidence of barotalgia resulting in complications
such as infection or rupture of the eardrum is very small. In
2 months of operation, the 31st Altitude Training Unit reported
6 severe cases, an incidence of less than 0.3/¢.

Barosinusitis

Barosinusitis associated with ascent to high altitude in either
aircraft or the low pressure chamber is not a major source of
difficulty. However, the pain is extremely distressing when it
does occur. The incidence is highest on descent. A study of
2,351 individuals indoctrinated at an Altitude Training Unit re-
vealed that sinus difficulties developed in 35, an incidence of
1.5'.. The incidence in two other groups of 62,160 and 21,560
trainces was 1.1 and 1.527¢, respectively (60).

Further physiologic aspects of barosinusitis are discussed in
the section on barodontalgia and in School of Aviation Medicine
Textbook No. 4, January 1950, entitled “Aviation Otolaryngology.”

Barosinusitis

Air in the mastoid cells would be subject to expansion and
the creation of unequal pressures just as air in any other body
cavity. Occasionally a subject has developed symptoms which
could have been baromastoiditis. Probably, the incidence is some-
what higher than we think, but the condition has passed unnoticed
or mistaken to be a referred barotalgia.

Barodontalgia

Pain in the teeth due to changes in barometric pressure does
not have a high incidence but is of significance. Fortunately, the
condition is correctible.

Incidence. Table XXX shows that the incidence of harodont.il-
gia is small. Two studies (199, 225), however, indicate that a
high percentage of the cases which do occur have severe pain,
which means that descent was probably a necessity. Of 53 man-
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TABLE XXX

1rodontalgia

Total Cevere
Reference | rotal incidence tooth pain Comment
tests
No. & No. To
100 3438 | 63 |18 | — | —
199 920 37 |4.02 32 76.2 37 individuals with 42
cases of toothache
190 87 b |58 — — Civilian subjects
164 12,000 202 | 1.6 = — Altitude training unit,
Las Vegas, Nev.
208 2,351 25 | 1.06 —_ _
210 36,712 524 | 1.40 —_ —_ Altitude training unit,
Santa Ana, Calif.
225 7,000 1i2 | 1.6 56 50 Approximate values
151 — — 1.2 — — -Altitude training unit,
several thousand
cases
35 2,300 27 117 —_— —_— USN Air Training
Center, Pensacola,
Fla.
60 62,160 6356 | 1.02 —_ - Altitude training unit
60 21,560 161 | 0.75 —_ —_— Altitude training unit
Total 148,528 11,790 [ 1.2 —_ —

flights to altitude which had to be discontinued, 5 (9.4% ) were due
to barodontalgia without other symptoms of dysbarism (230). It
is of interest that a small series of civilian subjects had a higher
incidence of barodontalgia than did military grouns (190). This
was attributed to better dental care in the latter. Of 603 ex-
perienced fighter pilots, there were 79 (13.1%) who said that they
had experienced barodontalgia at least once (92). This percentage
is high as compared to chamber runs, but the survey encompassed
the entire flying experience of each pilot, not one chamber run,
The overall incidence of barodontalgia is about 1.2%.

Altitude of onset. The altitude at which barodontalgia begins
has been variously estimated to be from 5,000 to 15,000 feet.
Mitchell (180) reported a case which began at 8,000 feet and quotes

126




4
o
o
»
»

a

sy omZ I

AL LT T

Dretus (64) as reporting tooth pain at 6,100 fecet. Reyvnolds et al.
(199) found some cases to begin as low as 1,000 feet, but in moxst
cases pain was reported at 17,000 to 19,000 feet. The figures
reported by Brickman (35), however, show that there was no
range of altitude at which the onset of dental pain occurs with
greatest frequency. He had cases beginning at 5,000 fcet and up
to 40,000 teet. Joseph et al. (151) concluded that the onset of
tooth pain had no particular relationship to a specific aititude
except that the greatest number of pain reactions occurred at the
higher altitudes; 57'. of their cases had pain at 28,000 feet,
23« at 18,000 feet, and the remaining 20‘. at 10,000 feet or
below. Most of the investigations cited show that pain in the
majority of cases occurred during ascent and that when tooth pain
was noted il disappeared promptly when descent was cffected,
often at approximately the same altitude at which the symptoms
first appeared. In their series, however, Reynolds et al. (199)
found that only 13.5%¢ of their subjects experienced pain on ascent
and 86.4¢ on descent. The determination that barodontalsia
occurs on ascent or descert is important from the viewpoint of
the etiologic mechanism which is considered later.

Symptomatology. Barodontalgic pair ranges from a dull ache
to being sharp and severe. It can be persistent over a considerable
pressure range or occur in brief flashes. The onset of pain may be
sudden at any altitude or gradually build up as higher altitudes
are attained. If the pain occcurs on ascent or at the peak altitude,
then descent usually brings relief. Conversely, if the pain begins
on descent, then reascent is usually effective. In at least one in-
stance, tooth pain was associated with symptoms of collapse (171).
An analysis of 852 forced descents from 2,920 man-flights at
35,000 to 38,000 feet revealed that toothache was responsiple for
10 (1.2°¢) of the descents.

Etiology. The etiologic mechanism of barodontaigia may not
be as sbvious as has been postulated in the past. When tooth pain
occurs on ascent, and in some cases there are symptoms as low
as 1,000 feet, it seems reasonable to suppose that the mechanism
is expansion of trapved air in spaces underlying mechanically
faulty fillings. There is hearsay evidence only that individuals
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have lost fillings at high altitude presumably due to the pressure
exerted by the expansion of trapped gas. McDowell (175) thought
that the loss of defective fillings at high altitude was coincident
with intense clenching and grinding of teeth during physical and
emotional tension, and not necessarily due to gas expansivn under
a filling. Restarski exposed properly and improperly filled teeth
imbedded in artificial stone to altitudes from 10,000 to 60,000 feet
without displacement of any of the fillings (138). However, when -
he immersed all of the filled tceth in a staining solution and ex-
posed them to altitude, he found that large amounts of the solution
had entered those with air cavities. There was no perceptible stain
in those properly filled. These results were interpreted as meaning
that during rapid ascents and descents oral fluids could be forced
under leaky fiilings or ones with air spaces and thereby cause
toothache.

As causes of tooth pain have appeared, they have been in-
vestigated. In individual cases, untreated caries, poorly filled teeth
with air spaces, periapical abscesses, cysts, acute and subacute
pulpitis, temperature, vibration, etc., have been given as an ex-
planation for poor altitude tolerance. Attention has been called
to the fact (199) that most of these factors can be ruled out;
they were considered as factors by the various authors only be-
cause barodontalgia occurred, dental examination was made, ani
the conditions were found. The authors refute the idea that the
dental condition necessarily explained the tooth pain. They selected
14 individuals with major dental pathology and showed that on
exposure to altitude none of these individuals had tooth or sinus
pain. It was true in their series as in others, however, that 94.5%¢
of the individuals who had tooth pain at altitude also had signif-
icant dental pathology in the areas of pain. This suggested a
possible mechanism.

In recent years there has been a tendency to emphasize the , i
close relationship between barosinusitis and barodontalgii. (35, 92, :
151, 157, 199). Reynolds et al. (199) have made several correla- ]
tions of this relaticnship. They point out that (1) most of their
cases of barodontalgia occurred on descent which strongly relates
the condition to maxillary sinusitis; (2) their incidence of tooth pain
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on ascent was only 13,597, but even this does not necessarily
suggest a mechanism other than sinusitis, because their incidence
of frontal sinus pain during the same period was 10.7'¢ and they
believe frontal sinus pain occurs on ascent as well as descent;
(3) a fairly large number of cases of tooth pain (38.1°/) were
associated with maxillary sinus pain; (4) in 35 (94.59¢) of tneir
37 cases of barodontalgia, the pain was located in particular teeth
or in an area approximating the maxillary s:.nus; (5) 31 of their
37 cases (83.8'¢) were relieved of their barodontalgia either
during the chamber run or immediately following by politzerization
or the Valsalva maneuver. The other 6 subjects lost their tooth
pain spontaneously.

x To further elucidate the relationship of barodontalgia and baro-
S sinusitis, Hutchins and Reynolds (138) chose 14 patients with
various dental conditions requiring treatment but with no history
of sinusitis, etc. Their procedure was to correct the dental con-
dition without anesthesia or tc use general anesthesia for extrac-
tions. Approximately 1 week later the mucosa in the region of
the maxillary sinus was stimulated by a needle prick. Painful
. symptoms were produced in the treated teeth in 92.8°¢ of the
3 cases. In those cases in which only 1 tooth was treated, pain was
localized to the particular tooth in 78.5%. Another series (19%)
was carried out in which the teeth of the same 14 patients were
anesthetized on the proper side. Stimulation of the maxillary sinus
Y ostium ipsilaterally produced no pain on the anesthetized side.
Stimulation of the contralateral sinus ostium produced tooth pain.
The above effects could be shown to persist for several months.
From these experiments and observations the authors hypothesized
that the mechanism of barodontalgia was that of referred pain
chiefly from the maxillary sinus. The pain was referred to t-eth
which showed evidence of previous painful stimulation as by
filling, trauma, caries, etc. In other words, variation in barometric
pressure affected the paranasal sinuses, and pain was referred to
teeth with a previously produced raised irritability or decreased
pain threshold. In another study, maxillary sinusitis was thought
to be responsible for about 3079 of barodontalgia cases (209).
Mitchell (181) has reviewed many of the concepts on barodontelgia
and his report should be consulted.
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There is very little question that some cases of barodontalgia
are aszociated with barosinusitis. However, there is reason to
doubt that most cases of tooth pain are due to this mechanism
because (1) the incidence of barotalgia in most series of experi-
ments is greatest on ascent and barcsinus pain is most frequent . '_
on descent; (2) reduced atmospheric pressure has been used with 1
some success as a form of treatment for chronic paranasal sinusitis '
(45) and no cases of barodontalgia were reported but should have : .
occurred if barosinusitis was the chief mechanism; (3) the proper
filling of teeth with use of a zinc oxide—eugenol base resulted in
no recurrence of pain on subsequent ascents to altitude (35, 151,
180) ; (4) if barosinusitis is the most important factor, one should

_ expect a seasonal iacrease of barodontalgia. This has not been
! reported by other authors and was mentioned as not heing a factor
in the stvdy by Reynolds et al. (199).

Other factors have been mentioned as a cause of barodontalgia.
In areas of pathologic lesions, such as a beginning periapical ab-
scess, there is congestion present. Even a slight gas expansion
could cause pressure ischemia locally, resulting in hypoxia and pain.

LT AR T TASEE T

It would appear that the prerequisite for barodontalgia is some
type cf pre-existing pathologic dental condition or at least hyper-
sensitivity. Because tooth pain occurs at such low altitude on
ascent, it would seem that local gas expansion causes pressure
in the local area or produces ischemic hypoxia. It has been men-
tioned previously (187) that a periapical abscess can produce gas i
which would expand at altitude and that relief of pain could be '
obtained only by descent. In one case which took place in a low
pressure chamber the periapical abscess ruptured and caused sub-
sequent spreading infection which requirea the patient to be .
hospitalized. Dental extraction or dental restoration with a zinc N
oxide—eugenol base appears to b2 most effective in preventing '
barodontalgia. Maxillary sinusitis is probably an important cause
of tooth pain at altitude and must be differentiated from true tooth >
pain. In should be especially duspected if the tooth pain occurs ' -
on descent. N,
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Time Distribution of Symptoms

Considering all the symptoms of dysbarism, it is of interest
to indicate their time of occurrence in & typical exposure to high
altitude. On ascent, the first symptoms which might appear in a
very small percentage of individuals wil! be barotalgia, barosinus
difficulties, or barodontalgia. Changes of only a few thousand
feet may produce ear pain if the pharyngeal valve of the eustachian
tube fails to permit equalization of pressure. Beginning at about
25,000 to 30,000 feet, a number of subjects will begin to notice
the onset of such abdominal symptoms as bloating, eructation, and
passage of gas. In the presence of gastrointestinal tract abnor-
malities, symptoms will occur much lower. At altitudes above
30,000 feet, abdominal distention and pain may be manifested as
5 a frank symptom. In other words, as compared to bends, chokes,
{ etc.,, abdominal symptoms occur early in the flight. It is very
“ unusual for an individual to be free of abdominal symptoms on

attaining the peak altitude of 38,000 feet and then develop symp-
' toms later in the flight. However, while most cases of abdominal
. symptoms appear during ascent or on attaining the peak aititude,
it is possible for such symptoms to become of increased severity
as the flight progresses. Fortunately, the symptoms usually dis-
appear if they are tolerated for 10 ¢r 15 minutes at altitude.

Depending upon the amount of exercise and other factors, the

' highest incidence of bends symptoms which cause descent is mani-
5 fested in the first hour at 38,000 feet (107). Swann and Rosenthal
' (231) found that at 38,000 feet, 289 of subjects experiencing
grade 3 and 4 bends descended during the first hour and 50°%

more, in the second hour. If the bends were destined to become

severe enongh to cause descent, 50% of the individuals were forced

down within 20 minutes after the first symptom and 1009 within

80 minutes. The tests at 35,000 feet have shown that about 20%

of all bends symptoms begin in the first 15-minute period and that

about 65/ are already present at the end of an hour (230). Al-

thougrh there are peak intervals for the appearance of bends, a

very severe case of bends can develop at any time during the

flight. The incidence of chokes at 35,000 or 38,000 feet appears

¥ to reach a peak during the second and third quarters of a 3- or
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4-hour flight. Chokes can, however, develop during any period
of the flight. There are obviously many factors which influence
the times at which bends and chokes occur. Chokes progresses
more rapidly and causes descent more frequently than bends;

v 5. x
.

44,

Y‘le‘l.-"

hence, the only general statement which may be made is that at

38,000 feet, the greatest incidence of chokes would occur in an 5
interval of time which was somewhat later in the flight than the f
peak interval for bends. .

Instances of collapse at altitude which are associated with symp-
toms of dysbarism, may occur at any time during a flight to
30,000 feet or above and, in a few cases, after the flight is over.
Bends, chokes. or abdominal symptoms usually precede the collapse,
but sometimes, the only signs and symptoms are those of pallor,
faintness, or other manifestations of shock. Central nervous sys-
tem phenomena are manifested at any time during or after flight.
Paresthesia, itch, or hot and cold sensations may be noted as low
as 25,000 feet, but usually do not occur until after some time at .
much higher altitudes (172).

T R LN S,

On descent, the most common symptom is barotalgia. Barosinus
difficulties also usually occur on descent. Abdominal symptoms
usually completely disappear during descent. Some residual sore-
ness may endure. Bends and chokes most often completely dis-
appear on descent, but in a few severe cases milder manifestations
have persisted for a number of hours and residual soreness has
persisted for days. There have been a few instances cited pre-
viously where symptoms of bends or chokes first appeared or were
exacerbated during descent. In flights at 35,000 feet, the altitude
of disapnearance of bends pain was related to the severity. Mild
pains disappeared at about 29,000 feet, moderate pains at 26,000
feet, and severe pains at 21,000 feet (230).

Prevention of Iysbarism

In this section we wish to consider several attempts which have
been made to prevent or alleviate bends and chokes. There have
been four main types of activities and a fifth which will be dis-
cussed fullv in other sections: (1) denitrogenation; (2) selection
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of personnel; (3) use of drugs; (4) use of an altitude pressure bag;
and (5) development of pressure cabin aircraft which was designed
to prevent hypoxia but also aided in resolving the problem of
dysbarism.

Denitrogenation. Gray (103) has discussed denitrogenation

and its effects on altitude dysbarism. Many other references to

d the subject are contained in several publications (16, 34, 82, 129,
133, 134).

If bends and chokes are caused by the formation of nitrogen
bubbles, then the elimination of nitrogen from the body prior to
exposure and before it can form bubbles should prevent the symp-
toms. To effect a reduction of nitrogen in the body, decompres-
sion may be performed very slowly so as to allow time for the
excess body nitrogen to escape, or high concentrations of oxygen
can be inspired for varying intervals of time.

Slow decompression to effect denitrogenation has been used by
sea divers for about 100 years. Rather than slow, continuous
decomyp.ession, Haldane in 1908 introduced a most important con-
cept, that of decompression in stages. He demonstrated that de-
compression in stages produced a larger gradient between the
pressures of nitrogen inside and outside the body and, thereby,
increased the elimination rate of nitrogen. This prevents tissue
supersaturation with nitrogen and, thus, the tendency of the gas
to produce bubbles.

If 100°¢ oxygen is inspired at ambient pressure, then the in-
take of nitrogen is zero, but the expired air contains nitrogen
derived from the body fluids and tissues. In time, the body nitro-
gen is depleted. The total process is properly emphasized by the
term ‘“denitrorenation” rather than “preoxygenation.” It is the
elimination of nitrogen which is important, and not a special bene-
fit of oxvgen per se, except in the sense that during denitrogena-
tion one is substituting a metabolizable gas for nitrogen.

The use of 1009 oxygen to effect denitrogenation of the body
is far more applicable to the prevention of altitude symptoms than
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in the case of caisson workers or divers. This is due to the
toxicity of oxvgen at high pressures in the latter case, whereas
100°¢ oxygen at high altitude can be breathed safely for relatively

long intervals.

The rate at which nitrogen is eliminated from the body has
been studied by a number of investigators whose results have been
reviewed by Catchpole and Gersh (51). About one-half of the body
nitrogen is contained in the fatty tissues of an individual whose
fat content is 15 to 20%¢ of his body weight (22, 28, 47). During
decompressions of short duration, the body fat may act as a
reservoir to protect the body against the sudden release of nitrogen
and bubble formation (22). Typical nitrogen desaturation curves
obtained by Behnke et al. (28) reveal a number of important facts:
(1) the weight of nitrogen dissolved in the body varies directly
with the Fi., in the inspired air. This would be expected on the
basis of Henry’s law, since nitrogen i3 an inert gas in the body
and does not combine with such agents as hemoglobin, as does
oxygen; (2) the time required for denitrogenation is equal to the
time required for renitrogenation; (3) the rate of nitrogen elimina-
tion in terms of volume per unit time is a direct function of the
gradient of nitrogen tension between the inside and the outside of
the body. This means that if the nitrogen tension of the inspired
air were reducad to zero, the rate of its elimination would be twice
as fast as it would be if its tension were only reduced 50%.

There are other features of the denitrogenation curves which
are of interest. The measurements which have been made show
that denitrogenation is most rapid (in terms of cubic centimeters
eliminated per minute) at the beginning and then reaches a zero
rate after about 6 to 8 hours; 507 denitrogenation is accom-
plished .n about 30 minutes.

Differes.t parts of the body denitrogenate at different rates.
Ferris et al. (73) found that the arterial blood denitrogenates
rapidly, requiring less than 5 minutes to Icie 909 of its nitrogen.
It would also require about 5 minutes to regain its nitrogen if the
person was returned to breathing ai:. Venous blood also denitro-
genates rapidly, but slower than arterial blood. Cerebrospinal
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fluid, synovial fluid, etc., denitrogenate more slowly. The barrier
to nitrogen elimination from the body is not in the lungs but is
between the tissues and the venous blood. While nitrogen is more
solubie in fat, the probable reason why fat serves as a reservoir for
nitrogen much better than it ordinarily should is because the
capillary circulation tihrough fat is relatively inadequate (89).
Because of circulatory factors, small animals are in general much
more resistant to dysbarism than are large animals. It is of in-
terest that the rate of nitrogen elimination differs significantly
between individuals and in the same individua! from day to day,
and that the subjects with a high rate of nitrogen elimination are
generally more resistant to bends, chokes, etc., than are other
subjects (223, 224).

A large number of interrelated physiologic mechanisms deter-
mine susceptibility to bends and chokes. There are so-called
“normal” ranges of capillary surface in tissues, blood flow, fat
deposition in organs, rates of gas exchanges, etc. In explaining
the differences between individual susceptibilities to: bends and
chokes, the concept of variations in gas exchange and other of
these factors may be important. For example, if nitrogen gas
is important in bubble formation, then the rate at which a ‘“normal”
person denitrogenates various tissues when breathing oxygen may
be the difference between no bends at altitude, and mild, moderate,
or severe bends. In essence, this may mean that gas exchange
across the gas-blood barrier in the lungs and the blood-tissue fluid
barriers in the metabolizing tissues is such in different individuals,
or in the same individual during various times and stresses, that
they are more or less rendered susceptible to bends. In the ex-
change of gases across the lungs of normal young subjects, it was
concluded that the gas-blood barrier exchange of inert gases was
not nearly as important as was the renewal of gases by pulmonary
ventilation, the gas solubility, and the effective blood flow through
the lungs (148). In the tissues, it was also the blood-tissue per-
fusion factor rather than a difference in diffusion of gas which
was import nt. Different types of tissue have different rates of
blood flow per unit of tissue. The capillary surface of fatty tissue
is relatively inadequate as compared to muscle or other tissues (89).
In effect, this means that it is possible that the additional amount
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of nitrogen dissolved in fatty tissue is not as important to bubble
formation under some conditions as is the decreased amount of
capillary surface area available for blood-tissue perfusion.

Denitrogenation of humans by breathing increased percentages
of oxygen has proved to be markedly effective in the prevention
of altitude dysbarism. The chief disadvantages are the expense
involved and the periods of time in which the individuals must de-
nitrogenate to obtain significant protection. Ferris et al. (76)
found that approximately 4 hours of inhalation of 100‘¢ oxygen
were necessary to completely prctect the more susceptible in-
dividuals who were expected to exercise at 35,000 feet. One or
2 hours of oxygen inhalation offered more complete protection
from bends than from chokes. Prophylactic treatment of subjects
exposed to 35,000 feet by inhalation of oxygen for 9 hours protected
71¢ completely, even though there was an air-breathing interval
as long as 5 hours between the inhalation and the ascent (19, 239).
For very susceptible individuals, it was advised that the period of
re-exposure to air should be shortened. This finding emphasized
that the period of renitrogenation was about as long as the period
of denitrogenation. There was also good correlation with Behnke’s
observations that the individuals who desaturated slowly also re-
saturated slowly.

It was theorized that exercise performed along with preflight
denitrogenation should give added protection since exercise, by
increasing peripheral blood flow and cardiac output, would ac-
celerate the elimination of nitrogen (253). In the cited study,
strenuous exercise combined with preflight oxygen administration
gave added protection against dysbarism. Other investigations
have not supported this contention, and Gray (103) has summarized
School of Aviation Medicine data to show that the inclusion of
exercise did not contribute to the prevention of symptomns, and
any possible benefits therefrom were overshadowed by the dis-
advantage of the reculting fatigue as well as the possible loss of
thermal insulation of flving clothing Jdue to sweating. His data
show that the incidence of bends and chokes in 76 control subjects
exposed to 38,000 fe¢ * for 2 hours was 2577, In 87 subjects who
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denitrogenated for 45 minutes before ascent there was an incidence
of 2.3, whereas in 88 subjects who denitrogenated for 45 minutes
while exercising, the incidence was 4.6¢.
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. - In an attempt to make denitrogenation procedures as practical
as possible, it was desirable to determine the shortest denitrogena-
tion procedures which would be effective and, also, whether de-

s nitrogenation was effective when performed at altitude (tables
XXXI, XXXII). The data taken from studies by Gray (98, 101)
confirm the views of Behnke (24) that deniirogenation at altitude
is effective.
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- In the experiments to determine the effectiveness of denitro-
genation while at altitude, aviation cadets were given a 2-hour flight
2t 38,000 feet preceded by a 15-minute period of leveling off at

TABLE XXXI

Increasing the duration of denitrogenation

. . Percent descents
Denitrogenation Man-flights due to bends Percent
! period (min.) ' and chokes protection
' 0 223 25.2 0
16 204 11.8 53
30 145 6.2 76
45 180 3.4 87

' TABLE XXXII

Denitrogenation at various altitudes

. Percent descents
A.ltxtude Ot,’ Man-flights due to bends Percer.n
denitrogenation and chokes protection
Controls 950 24.4 0
Ground level 204 11.8 52
15,000 ft. 181 10.0 69
20,000 ft. 205 10.8 56
' 25,000 ft. 290 15.2 38
30,000 ft. 224 16.1 34
35,000 ft. 727 25.2 -3
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various altitudes., During this time, the subjects breathed 100" ]
oxygen at the ambient pressure of the particular altitude. d

These results revealed that breathing 1007¢ oxygen up to about
20,000 feet was about as effective in giving protection against
bends and chokes as denitrogenation at ground level. This is a
nost practical finding, since the interference of denitrogenation
procedures with takeoff preparations can be avoided; that is, if
sufficient oxvgen can be carried, the crew can be denitrogenated
by a plannad pattern of ascent to altitude.

The use of pressure breathing at altitude was primarily in-
troduced to attain higher altitudes by combating hypoxia more
effectively. In several series of tests (139, 142, 143), the data
on individvals (rather than on the group as a whole) suggest
that pressure breathing exerts a protective effect against bends.
Some tests may be so severe that any beneficial effect is masked.
In the experience of the Ivy group (143), at least one very sus-
ceptible individual wa«y able to stay at 38,000 feet for 2 hours with
exercise on 2 occasions while pressure breathing, whereas he was !
1007¢ susceptible on more than 60 other exposures using constant ».
flow or demand oxygen equ.pment. The impression of several .
of the irvestigators with much experience in the low pressure
chamber was that pressure breathing increased their own tolerance
to vends at altitudes above 40,000 feet. The introduction of
exercise at altitude may constitute the difference since the inci-
dence of bends was somewhat less in subjects seated at 47,500 feet
for 1 hour using intermittent pressure breathing than in subjects
seated at 38,000 feet for 2 hours or 40,000 feet for 1 hour using i
continuous flow or demand oxygen equipment. Hyman and North
(133) also found that some individuals showed a gain in tolerance.
The conservative conclusion in both series of tests was that pres-
sure breathing did not offer clear-cut protection of all individuals.
Gray’s data (100) showed that trained subjects did slightly better
than untrained subjects when they used pressure breathing, but
the differences were not considered significant.
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If we can assume that some individuals obtain a beneficial N
effect, then the explanation may be that pressure breathing hyper- ‘g
ventilated the subjects and in reducing their Pco, possibly retarded ¢
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bubble growth or altered the ~irculation in tissues. It may also
be true that pressure breathing promotes denitrogenation through
hyperventilation. These are possible explanations for one study
at 40,000 feet (44) where deliberate hyperventilation reduced the
incidence of intolerable bends from 20 to 87 .

The proceldure of denitrogenation is effective in the prevention
of altitude dysbarism. However, the factors which influence the
incilence of bends and chokes still apply. The older the individual,
the longer he would need to be denitrogenated in order to obtain
the same degree of protection as a younger man. 7T'he higher
the altitude and the more strenuous the exercise at altitude, the
longer the tirie of denitrogenation necessary for protection. As
a general rule, the more susceptible the individual, the longer will
be the necessary period of denitrogenation.

In passing, it is obvious that the effectiveness of denitrogena-
tion in preventing bends and chokes is the strongest single evidence
in support of the bubble theory or etiology. Other evidence, how-
ever, does support the conclusion that the circulation is a con-
tributing factor.

Selcction of immune personnel. The low pressure chamber was
initially conceived as being useful for (1) training flying personnel
in the effects of altitude and the use of oxygen equipment, and
(2) classifying personnel with regard to their susceptibility to
dysbarism and hypoxia.

At the present time, the low pressure chamber is used chiefly
for indoctrination and training research and, occasionally, to deter-
mine unusually low thresholds of tolerance for hypoxia. After a
considerable amount of experimentation, it was advised that the
goal of classifying flying personnel as to their susceptibility to
dysbarism, except in special instances, should be abandoned (63).
The testing of individuals was expensive and, except for special
circumstances, unnecessary. Altitude dysbarism was very uncom-
mon in the field since very little flying was being performed at
altitudes where the highest incidence of dysbarism occurred (18,
55). A second reason was that the usual flight patterns included
a prolonged period of ascent sc that the resulting denitrogeration
afforded adequate protection against bends and chokes (103).




It is instructive, however, to note several aspects of the problem
as it presented itself in March 1942. First of all, it soon became
obvious that any classification scheme would require more than
one test at altitude. In fact, even 5 consecutive flights taken by
43 aviation cadets revealed a striking inconsistency of performance
(106) ; 449¢ of the subjects completed all 5 flights and
27¢ consistently failed all 5 flights. The remaining 54 % were er-
ratic in their performance. This picture was further complicated
by several facts. If enough flights are made, probably no in-
diridual is 10077 resistant or susceptible. While symptoms of
bends and chokes tended to recur, there were other symptoms such
as abdominal pain, barotalgia, barodontalgia, etc.,, which showed
comparatively little tendency to recur. Occasionally, an individual
would be found who was forced to des~end repeatedly because of
abdominal sympcoms. One case was later diagnosed as cardio-
spasm.

In other words, it would have been necessary to perform a large
number of tests to classify individuals and, for most individuals,
the testing procedures were unreliable. The best that could have
been accomplished was to weed out a small number of highly
susceptible individuals.

At various intervals, the classification procedures have been
revised by increasing the altitude, reducing the duration of time
at aliitude, introducing 2 standard exercise or increasing the num-
ber of ascents (97, 105, 106, 126, 202, 211, 258).

It is certain that increasing the number of flights makes the
data more reliable, if the individual is not penalized for being
forced to descend because of gas pains, toothache, or other de-
ficiencies which are remedial. It was found that selection of in-
dividuals as being resistant by using either height or weight was
as efficient as selection by 1, but not 2, low pressure chamber
tests (163).

Of interest in regard to increasing the validity of results by
multiple exposure, are the data obtained on 7 subjects who were
exposeu to 38,000 feet from 47 to 69 times (42). All tests were
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begnun after 6 p.m. and there were 3 exposures to altitude each
week. These subjects were variably susceptible to bends ranging
from 33 to 947¢ with an average of 67%. The important fact is
that when the data were tabulated in groups of 10 successive tests,

- then the average susceptibility varied from 45 to 807.. These
experiments indicate the difficulties in determining the effect of
single factors on an individual’s susceptibility to bends, and again
raises the question of validity in classifying most flying personnel
on tne basis of their tolerance to bends.

The introduction of pressure cabin aircraft has reduced the
necessity for classifying all individuals as to their tolerance of
dysbariam. In the event of a sudden loss of pressurization, the
rapid onset of bends, chokes, and abdominal symptoms will be
secondary problems to that of hypoxia. It should be recognized,
however, that in special cases the circumstances may be such that
an individual who is abnormally susceptible to symptoms of
dysbarism at 25,000 or 30,000 féet could endanger a mission. A
beforehand knowledge of relative individual susceptibility in these
cases may be advisable, and it should be of obvious value to deter-
mine the susceptibility of key personnel after they had been de-
nitrogenated for a practical period of time.

Use of drugs. A number of drugs have been administered to
subjects preflight or during flight in low pressure chambers to
determine their effects on the prevention and tolerance of bends
symptoms.

Aminophylline has been used in an attempt to alter circulation
and alleviate bends at altitude. Sorie success with this method
was reported (160, 161). Morphine has been investigated as an
analgesic for bends in case descent could not be effected (567, 221,
222). It was not effective. The administration of 10 mg. of dex-
troamphetamine to 50 subjects 1.5 to 2 hours prior to ascent to
40,000 feet for 1 hour with no exercise at altitude decreased the
incidence of incapacitating bends and chokes from 32.4 to 14%.
The total incidence of bends and chokes was not significantly re-
duced (141). It was thought that the dextroamphetamine may
have increased the general circulation, but acted chiefly by im-
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proving the feeling of well-being, decreasing apprehension, and
exaggerating the “willingness to endure” symptoms. In the same
report it was shown that dextroamphetamine, plus a 30- to 45-
minute period of denitrogenation, reduced the incidence of incapaci-
tating bends and chokes from 32.4 to 0., and reduced the incidence
of all cases of bends from 54.3 to 249/. Contrary to the above
findings, Ryder et al. (207) were unable to confirm the favorable
effect of dextroamphetamine on the incidence of bcnds. A number
ot other drugs and drug combinations were tested by the Ivy
group for their effect on bends. These included thyroid extract,
aspirin, aspirin-phenacetin-caffeine, and several others (42).
Canadian investigators (240) reported that the administration of
adrenalin, aspirin, and papaverine produced no significant changes
in tnhe incidence of dysbarism, but it is noteworthy that there was
a slightly higher incidence of symptoms on the day following a
heavy intake of alcohol.

In summary, the use of drugs practically in the prevention of

bends has led to disappointing results. However, studies conducted
with some of the newer compounds may still be worthwhile, and
such experiments could aid in further elucidation of the mechanism
of bends.

Pressure bag. One procedure to treat bends and chokes in
single crew members should be mentioned. In combat, it was
conceivable that a crew member might develop severe symptoms,
but the conditions could be such that descent of the aircraft to
lower altitudes would be dangerous. An altitude pressure bag
was designed to afford relief of bends ir an aircraft (84). The
affected individual was placed in the pressure bag which was
then inflated by an air compressor. At an altitude of 30,000 feet
the bag could be kept at an effective altitude of about 15,000 feet.
In addition, the bag was equipped with an oxygen regulator, head-
set, and electrically heated suit circuit. On tests up to 40,000 feet
the relief of bends was found to be immediate upon application of
pressure to the bag. When pressure was released, the bends
returned, if the subject was still at high altitude.
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Pressure cabin aircraft. The maintenance of a low cabin pres-
sure altitude while the aircraft attains a much higher pressure
altitude has been effective in preventing hypoxia as well as symp-
toms of altitude dysbarism.
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