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"In truth, we advance far by the harmonious
assembling of facts made known by many
observers and writers. "

Charles H. Mayo, 1918
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PREFACE

Many real and potential hazards will face astronauts* during operations
in space. Some of these hazards might be of little medical significance;
others might produce serious medical problems.

In this report, an attempt is made to describe the characteristics
and suggest the management in space of possible medical problems which
might arise from hazards of space operations; attention will therefore
not be given to possible naturally-occurring diseases. Writing is oriented
to missions during which, due to the time required to return to Earth,
the diagnosis and interim treatment of medical problems will have to be
carried out in space. Therefore it is assumed in this report that diagnostic
and treatment facilities will be available, and that advanced spacecraft
concerned will provide a '"'shirtsleeve'' environment in which multidisciplined
crews, including medically-trained personnel, will be able to live in
reasonable comfort.

To lay the groundwork of Clinical Space Medicine, a field in which
very little has been written and no experience gained to date, this report
covers more than just the clinical manifestations, diagnosis, and treat-
ment of possible medical problems in space. Wherever necessary,
various hazards of space operations are defined and analysed in order to
determine their possible medical effects. The pathophysiologic
characteristics of medical problems are discussed, frequently in detail,
to provide the rationale for the prevention and treatment of the problems
in space. Many pertinent basic medical facts are stated not only to
refresh memories of physicians not actively engaged in the_ practice of
medicine, but also to familiarize non-medical readers, such as design
engineers and operations analysts with the cause, natural history and
performance impairment to be expected of each medical problem. An
effort is also made to provide a substantial bibliography for workers in
Clinical Space Medicine and to identify areas of research which will contribute

to this field.

i traveller in interplanetary space' (Webster's New International
Dictionary, Second Edition, 1934)



s of Clinical Space Medicine -

This report focuses on the primary goal

y to prevent the occurrence Of medical problems in space and to

namel
a medical problem to an

restore an astronaut who is suffering from

optimum functional capability as quickly as
however, that an astronaut might have to fore

temporarily while he performs a task vital to
his symptoms might be alleviated with

possible. It is conceivable,
go definitive treatment

mission safety or success.

During this period of time,

supportive measures.

The first five chapters of this report are concerned with the various

Medical problems

effects of decompression an astronaut could suffer.
d in Chapters 6

which could result from thermal stresses are discusse
and 7. Possible medical consequences of weightlessness are considered
in Chapters 8, 9 and 10, and those of ""particles' travelling in space in
Chapters 11 and 12. Various traumatic injuries receive attention in
Chapters 13 and 14. Medical problems produced by carbon dioxide,

which will always be the major gaseous contaminant of space atmospheres,
are reviewed in Chapter 15. Since the risks of oxygen toxicity and chronic
exposure to trace atmospheric contaminants should be virtually eliminated
in advanced space systems, these medical problem areas will not be
discussed in this report. Finally, Chapter 16 gives consideration to the

general aspects of the diagnosis and treatment of medical problems in spact
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CHAPTER 1

ACUTE HYPOXIA

A rapid unforeseen loss of the atmospheric pressure in a space-
craft cabin or space suit, leading to manifestations of acute hypoxia,
possibly ebullism (Chapter 2) and explosive decompression injuries

(Chapter 3), will undoubtedly always be a major hazard facing astronauts

during operations in space. Any number of causes of such a critical event

are conceivable. Considered foremost is penetrating damage to a space

suit, possibly from contact with rugged terrain on a lunar or planetary
surface, a pointed tool, a sharp projection from the spacecraft exterior,

or a meteoroid. Decompression of the spacecraft cabin might result from

a structural failure due to an excessive spacecraft docking or landing im-
pact, or from penetration of a cabin wall by a meteoroid. Other possible
causes of acute hypoxia include an accidental disconnect or failure of a
pressure valve in a life support system, and an emergency decompression
for fire extinguishment or for removal of a toxic atmospheric contaminant,
Finally, acute hypoxia could result from depletion of oxygen supplied by

a portable life support system, or from the purging of a spacecraft

cabin atmosphere with carbon dioxide or inert gas to extinguish a fire.

In this chapter, an attempt is made to present aspects of acute

hypoxia considered pertinent to the space situation. Under separate

headings are discussed the sequence of clinical events which would occur
during a severe acute hypoxic exposure in space, various measures
which might be used in resuscitating a hypoxic astronaut, the so-called
"oxygen paradox', and the characteristics and management in space of

the sequelae of hypoxia - posthypoxic cerebral edema and delayed post-
hypoxic encephalopathy.

Clinical Events in Acute Hypoxia
In their excellent review of the literature on hypoxia, Van Liere and
Stickney (96) made note of the fact that all tissues of the body are im-

mediately affected to some degree when a rapid significant reduction of

1



occurs. However the remarkable

the partial pressure of inspired oxygen

intolerance of the central nervous system, especially the brain to

oxygen deprivation, accounts for the earliest and most striking manifesta-

tions of acute hypoxia

If an astronaut should suffer acute hypoxia, he could lose "'useful

consciousness'' after a latent period of several seconds to many minutes.
" has been used to define that period

The term '"'useful consciousness . '
d (9 ). It is noted

during which purposeful acts can still be performe
that the slower the onset of hypoxia, the more specific must be the
definition of the performance degradation which reflects loss of "useful

(78)

A hypoxic astronaut's ''time of useful consciousness'' will depend

consciousness"

upon the rate of reduction and the final level of the partial pressure of
oxygen in his ambient atmosphere. During this period, the astronaut
should be able to function normally, so that if he recognizes the cause
of a hypoxic event, he should be capable of initiating a life- saving emer-
gency measure or declaring his situation to other members of the crew.
Once beyond the 'time of useful consciousness'', however, he could
either enter a brief 'prodromal period', which is usually characterized
by a high degree of helplessness, or suddenly lapse into unconsciousness.
The results of numerous decompression studies indicate that the
time of useful consciousness' of an astronaut who is rapidly decompress
to a relatively low plartial pressure of oxygen should be reasonably pre-
dictable . et 228 g ol e [, 1OL) It is noted that
there is a marked variation in individual susceptibility to acute hypoxia,
except at relatively high altitudes (7). Data on the mean "times of useful
consciousness' following rapid decompressions of humans who are
breathing either air or oxygen throughout decompression are shown in

Figure 1.1. The curves in this figure demonstrate that:

-the "time of useful consciousness' becomes

s}norter with increasing altitude until a minimum

time is reached. From data cited by Luft (64, 66),
thlls time appears to vary from about 10 to 15 seconds.
It is reached at about 46, 000 feet (106 mm Hg or 2.04
psia) when air is breathed throughout decompression,
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or about 52, 000 feet (79 mm Hg or 1.53 psia) (
when oxygen is breathed throughout decompression
Notably, the ''time of useful consciousness'' remains
unchanged for decompressions above 52, 000 feet
whatever the concentration of oxygen in the inspired
gas might be.

-below 50, 000 feet, the use of pure oxygen delays

the onset of unconsciousness considerably, so that

in decompressions to 45, 000 feet breathing oxygen,
""useful consciousness' may be fully maintained for
many minutes while breathing air under the same
circumstances leaves little more than 10 seconds

for emergency action. The difference in shape be-
tween the two curves can be attributed to the presence
of nitrogen in the air-breathing decompressions.

ALTITUDE ALTITUDE
feet psia mmHg
60,000} 4105 54.
50,0001 ~169 873
BREATHING OXYGEN
40,000~ —2.72 140.7
SODO BREATHING AIR {36 2258
20,0001t ' ! L ' 6.75 349.
o) | 2 3 4 5 6

Minutes

Figure 1.1 "Times of useful consciousness' on
exposure to various high altitudes after
rapid decompression, accomplished in
less than one second. from sea level
breathing 100 percent oxygen.

(After Luft (65)).

93).



Decompression studies have also demonstrated that there is a

Meritical time of exposure'' within which an individual must recommence

e of oxygen if '""useful conscious-

{3, 4, 66, 76)-

breathing an adequate partial pressur

i This time
_ness' is to be continuously preserved

hes a minimum with increasing altitude. Bryan

apparently also reac :
v YT (10) found that oxygen had to be given within 7 sec to subjects
decompressed from 8, 000 feet (564 mm Hg or 10. 91 psia) to 40, 000 feet
(141 mm Hg or 2.72 psia) in 2.5 sec in order to preserve continuous
consciousness. The average ''time of useflzlécons‘ciousness” in their
studies was 15 sec. Luft and co-workers ( ), noted that the '"critical
time of exposure' should not exceed 5 to 6 sec in rapid decompressions
(2 sec) to altitudes above 52, 000 feet (79 mm Hg or 1.53 psia). Their
subjects lost '"useful consciousness" 15 to 17 sec after decompression.
Since the "time of useful consciousness'' and the ''critical time of
exposure'' for maintenance of consciousness of an astronaut who is
rapidly decompressed to a low partial pressure of oxygen appear to
be reasonably predictable, such information could be of great value if
applied to the handling of unanticipated and controlled decompressions
in space. If an unanticipated decompression of a space suit or space-
craft cabin should occur, an automatic emergency oxygen supply system
might keep the suit or cabin pressure at a level which will not only be
associated with a minimum loss of oxygen, but will also maintain "useful
consciousness'' for a reasonable period of time while an astronaut carries
out emergency measures such as sealing a leak, returning to the space-
craft, or donning a space suit. A controlled decompression with an
astronaut remaining "usefully conscious' throughout the decompression
might be a practical emergency procedure under certain circumstances.
For example, an astronaut might reduce his space suit pressure to
give himself enough mobility to negotiate an obstacle or to release him-
self from a trapped situation. A controlled reduction of the cabin

pressure might be used to dump into space most of an atmosphere

accidentally contaminated with chemically-active particles and droplets.

This measure might also be used for extinguishing a fire and, secondarily,

for its cooling effect and removal of noxious fumes from the cabin
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atmosphere. It must be noted, however, that rapid permanent extinguish-
ment of a fire can be attained only by decompressing to a vacuum until

the temperature of a burning system is below ignition temperature.

Thus an astronaut, who will undoubtedly not have time to don a space

suit prior to decompression for fire extinguishment, may experience

the consequences of both hypoxia and ebullism (Chapter 2). If the
spacecraft cabin atmosphere contains an inert gas, he will be subjected
to a risk of decompression sickness (Chapter 4). It is assumed that if
any controlled decompression produces a loss of consciousness, recom-
pression will be programmed to occur within a time period sufficient

to prevent sequelae of hypoxia and possibly ebullism.

Additional data, particularly on '"time of useful consciousness'',
should be obtained in decompression experiments which closely simulate
situations in which acute hypoxia might occur in space. Decompressions
at various rates and to various partial pressures of oxygen should be
carried out from anticipated space suit and spacecraft cabin atmospheres.
Finally it is pointed out that 'time of useful consciousness' data should
be obtained on individuals performing under various work loads which

could be associated with space suit operations.

Depending on the rate of the decompression and the final partial
pressure of oxygen reached, loss of consciousness from hypoxia may
or may not be preceded by a '"prodromal period", the characteristics
of which are presented below. From the decompression studies cited
above, it can be concluded that unconsciousness will usually occur
with startling suddenness, preceded by virtually no subjective or
objective symptoms, following decompression on air to 46, 000 feet
(106 mm Hg or 2.04 psia) and above, or following decompressions on
oxygen to 52,000 feet (79 mm Hg or 1.53 psia) and above. Occasionally,
a ""prodromal period', which can last about 3 sec, immediately precedes
loss of consciousness following such decompressions. This relatively
short period is characterized by amnesia and uncoordinated or clonic
movements.

As the rate of decompression decreases or the final partial pressure



will increase in duration.
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of an astronaut is focused on a seemingly more important matter at

the time of a hypoxic event. Therefore, even though astronauts should

be well trained in this area, primary reliance will have to be placed on
devices which sense and adequately warn of changes of the partial pressu
of oxygin in spacecraft cabin and space suit atmospheres and, wherever
possible, command the restoration of an adequate oxygen tension.

As part of a ‘mlrpoxia indoctrination program, it is advisable for an
astronaut to observe carefully the response of each fellow astronaut
to hypoxia. Since many individuals exhibit a stereotyped response,
such as euphoria, paranoia and drowsiness, to a lowered partial pres-
sure of inspired oxygen, the knowledge of any manifestations which
characterize an astronaut's response to hypoxia might be of some value
in recognizing and possibly in distinguishing it from other causes of
central nervous system malfunction, such as acute carbon dioxide toxicll
hypothermia and hyperthermia. Even though cyanosis is a reasonably
good sign of hypoxia, this sign will be difficult to monitor visually duriny

space suit operations. Devices which sense and warn of the occurreﬂce
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If exposure of an unconscious astronaut to a low partial pressure
of oxygen continues, vital systems of his body will quite rapidly cease
to function normally. Respiration usually fails early. Although
peripheral circulatory collapse usually coincides with or soon follows
cessation of respiration, some degree of cardiac activity may continue
for a prolonged period of time. It is readily apparent that the times
at which these events occur are related to the partial pressure of oxygen
to which an individual is exposed. Data on humans from which these times
might be predicted are sparse, for in human decompression experi-
ments, exposures to low partial pressures of oxygen are stopped when
consciousness is lost. Studies of prolonged accidental hypoxic events
have yielded only very rough estimations of the durations of such events.

If deprived of oxygen, man has no mechanism which will enable
him to survive more than a very few minutes. It is a well established
fact that serious permanent damage of brain tissues begins to occur
about 4 minutes after arrested cerebral circulation (B 88). This
time might be somewhat increased in cases where the cardiovascular
system continues to function, and so continues to supply glucose
and other nutrients to and remove toxic metabolites from the brain (19).

Cessation of respiration frequently occurred at the same time as
loss of consciousness during a decompression study in which human
subjects were decompressed in less than one second from 33, 000 feet
(196 mm Hg or 3. 80 psi(a) ;o about 55, 000 feet (69 mm Hg or 1. 33 psia)
11

occur in similar studies in which individuals were exposed to altitude
(5543, 101)

while breathing oxygen On the other hand, this event did not

until consciousness was lost I‘f one assumes that
exposure to a very low partial pressure of oxygen is essentially
equivalent to a sudden circulatory arrest, respiration will cease within
one minute after the exposure, cessation being preceded by stertorous
periodic breathing g0 - 84).

It is extremely difficult to establish exact times to death for various
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minutes
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of less than 32, 00 Another study

of 75 hypoxic fatalitie |
duration of exposure was known in only 6 cases, bel(ng )less than 3 minutes

inutes in the other two Lewis and

in 4 cases and from 5 to 6 m
= have noted that times to death appear to be much the

Haymaker
This may be due in part to the fact

same above certain altitudes.

that once breathing stops, death occurs within a few minutes irres-

pective of the low partial pressure of oxygen to W
posed. Hence support of an astronaut's respiration would be

hich an individual

is ex
indicated if it does not return to normal immediately after he is exposed
to an adequate partial pressure of oxygen.

Events which will occur as a hypoxic individual progresses slowly

period to death are similar to those occurring

84
during deepening anesthesia (L6, 48, 543 ).

through the unconscious

One who is lightly un-
conscious might be very difficult to manage. Restlessness, hyper-
irritability and rigidity are characteristic. Convulsions and vomiting
commonly occur. As unconsciousness deepens, generalized flaccidity
gradually appears. Respiration becomes irregular, stertorous and

The pulse usually responds to severe.

finally ceases. The pupils dilate.

hypoxia by becoming slower. Blood pressure increases initially, then

decreases as both ﬁeripheral and central circulatory mechanisms fail.

Resuscitation
As quickly as possible, an astronaut unconscious from hypoxia must
be exposed to as high a partial pressure of oxygen as can be attained.
The importance of recompression as a resuscitative measure should be
emphasized, particularly if a hypoxic astronaut is in a state of apnea.
Recompression per se is equivalent to a deep inspiration (65). An
adequate airway must be assured by measures appropriate to the situation,

such as positioning the head with the neck in extension or inserting an orall
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to the situation

serting an orall

endotracheal airway, if these specialized techniques can be carried out
in space. If breathing does not start within or remains highly irregular
a few seconds after oxygen is restored, artificial respiration should

be commenced, using techniques such as exhaled air ventilation or
intermittent positive pressure oxygen administration by mask (75).

Most individuals breathe unassisted, if they are to survive hypoxia,
within the first minute after the restoration of oxygen. Continued irre-
gular breathing will be associated with a high probability of severe brain
damage, and hence a poor prognosis for survival.

Other than the restoration of oxygen, initial resuscitative measures
which might be applied to any hypoxic individual will be determined by
the conditions under which the hypoxic exposure occurred and by sound
clinical judgment. A vasopressor drug, such as metaraminol, might
be administered parenterally if hypotension continues beyond the
immediate resuscitative period. The frequent administration of
sodium bicarbonate and calcium gluconate solution intravenously are
also considered primary drugs for use in this situation ( ). Unless
'""'shock'" might be due in part to hypovolemia, the administration of
a blood volume expander should not be required following a purely

(

: 34 : :
hypoxic exposure. Gordon ) believes that the early use of an intra-
venous rapid-acting cardiac glycoside, such as digoxin, to improve
cardiac function is contraindicated except in situations where there is

definite evidence of cardiac decompensation.

(57)

Of interest in this respect
is the report by Webb and Haymaker pointing out that pulmonary
edema was one of the most common post mortem findings in fatalities

from acute hypoxia at altitude (69 of 74 cases examined).

(42)

Moreover,
Holmstrom points out that survivors of an acute hypoxic exposure

at altitude not infrequently develop pulmonary edema as a serious clinical
complication which requires special medical attention, particularly in
cases with delayed recovery. One wonders, therefore, whether the
routine prophylactic administration of an intravenous cardiac glycoside
might be indicated for individuals who suffer a moderate to severe
hypoxic exposure. By improving cardiac function, such a measure would

combat pulmonary edema and assist in providing required rapid tissue



pear to require study.

casures will be delayed, hampered

reoxygenation. This area does ap

Situations where resuscitative m

impossible to carry out in space are easily envisaged. Other

y restoring an adequate partial pr
if required, will probably not be

and even :
essure of oxygen in the

than possibl
tificial respiration,

space suit, ar .
1 the suit helmet is removed after a hypoxic astronaut

accomplished unti
is brought back into a pressurized spacecraft or airlock.

be attempted on any hypoxic individual in
cardiac activity or if dilated pupils respond

n has ceased, there will be no immedia}

Resuscitation should
whom there is any chance of

to light, for even if his respiratio
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indication as to how much initial irreversible brain damage has occurred

The level of cardiac activity can be monitored initially by palpation

especially of the carotid pulse, since it is more accessible merely by

removing the space suit helmet and since other pulses,

might be inaccessible because of space

such as the radii

brachial and femoral pulses,
As well, the carotid pulse persists when the peripherd

(34)

suit and clothing.

pulses are no longer palpable When possible, cardiac activity

might also be monitored by cardiac auscultation, blood pressure
recording and, if possible on board the spacecraft, by electrocardio-
graphy. Gordon o) has suggested that external cardiac compression,
or cardiopulmonary resuscitation be instituted if the heart is functioning
but the systemic arterial pressure is under 50 mm Hg.

The duration that resuscitative measures should be carried out will
also be determined by sound clinical judgment. If vital signs such as
respiration, pupillary reaction to light, and response to painful stimuli
do not appear and continue to improve, prognosis for survival is poor.

Depending mainly on the duration and severity of his hypoxia, an
unconscious individual being resuscitated might regain full consciousness
rapidly, or remain in a state characterized by impaired mental and
motor function, or some level of unconsciousness, for a period of minutt
to many days, or permanently. A secondary, often fatal deterioration !
of consciousness can occur either within hours of a hypoxic exposure
without full consciousness having been regained, or within several days

after a seemingly complete but prolonged recovery from a severe expost
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These neurologic sequelae are attributed to rever sible and irreversible
hypoxic brain damage which results not only from the low partial
pressure of oxygen at the time of exposure, but apparently also from
the cerebral edema which follows severe hypoxia. Therefore, if full
consciousness is not restored immediately by initial resuscitative
measures discussed above, attention must be given to minimizing per-
manent brain damage by measures directed at cerebral edema. This
is an area to be discussed below in detail.

Finally, it should be pointed out that Balke and co-workers (3) have
reported that a measurable reduction in work capacity, associated with
subjective symptoms of fatigue, occurred in subjects who returned to
near sea level conditions after they were exposed to air at an altitude
of 16,000 feet (412 mm Hg or 7. 96 psia) for over 3 hours. This raises
the question as to when an astronaut, who has apparently recovered
completely from a hypoxic exposure, should be started back on activity

associated with high work loads, unless absolutely necessary.

The "Oxygen Paradox!

Most individuals (about 85 percent in one series) who are still
in a mildly hypoxic state can apparently experience a continued, often
accelerated deterioration of consciousness for usually 15 to 30 seconds
after they start breathing an adequate partial pressure of oxygen o,
2> ?7). This event is most likely to occur if pure oxygen is restored
rapidly just before the onset of severe hypoxic manifestations; it is
not in evidence after loss of consciousness 12 ?7). The question
as to whether or not exertion or fatigue might be aggravating remains
unanswered (35).

The cause of this apparently normal reaction to reoxygenation is
unknown. The temporary decrease and even cessation of breathing fre-
quently observed on reoxygenation may promote continuance of existing
cerebral hypoxia until adequately oxygenated blood reaches brain tissues (6,
35). Constriction of cerebral vessels possibly from the hypocapnia

associated with hypoxia or from elevation of the arterial oxygen tension

On reoxygenation does not appear to be a mechanism involved in producing

11
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hypertonia of skeletal muscles, an episode of peculiar hyperkineses
; : ; : (77)

oss of consciousness as 1n an epileptic attack ;

There appears

and a sudden 1

The cause of the "oxygen paradox'' is unknown.

to be no characteristic physiologic or pathologic features, including

which distinguish individuals

narcoleptic or epileptic tendencies,
(855 277

prone to this reaction from those not prone The degree of

reaction is reportedly e

altered by the addition of carbon dioxide to the inspired air (77).

Mechanisms mentioned for the reaction to reoxygenation discussed abol

may play a causative role.

Possible serious implications of the "oxygen paradox'! occurring
in an operational space situation are readily apparent. Accordingly,
the elimination of astronaut candidates in whom this reaction can be

demonstrated is considered mandatory.

Posthypoxic Cerebral Edema
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|, temporary  the major sequela of acute hypoxia. It has become a generally accepted
imal studies fact that even though irreversible damage of brain tissues can occur
vasodilator at the time of an acute hypoxic event, such damage can, on occasion,

be minor as compared to that caused by posthypoxic swelling, or

edema of these tissues. The following discussion deals briefly with

yredisposed the pathophysiology, clinical manifestations, diagnosis and treatment
same reoxy- ©of posthypoxic cerebral edema. Greater detail on various aspects
; 1
ical picture of this syndrome is provided in reviews by Allison ( ), Cope (16),
5-called Harley (36), Sadove and co-workers (88), Wyant (104), and others (&L,
b, 62, 84)
, but is con- :
L0 i
e Pathophysiology
: S (4 Edema can occur in any body tissue which is subjected to an abnor-
= e2pby : o At e (504)
‘tic episode mally low partial pressure of oxygen for a sufficient period of time ;
Jasting Because of their remarkable sensitivity to a reduced oxygen supply, the
-lasti
i aes brain tissues appear to be the most prone to become edematous following
erkin
b e such an exposure (84).
ck ( =

Cerebral edema has been demonstrated in experiments in which
re appears

animals were subjected either to low partial pressures of oxXygen or

., including (13, 23, 24, 48, 63, 99)

circulatory arrest It was observed in about

lividuals .
one-third of the high altitude human hypoxic fatalities reported by Lewis

= degree' (_jf and Haymaker (57). Perhaps the best indication of edema being by far

nOt(iég)mﬁcanﬂithe major factor in causing the posthypoxic clinical manifestations

a“;r S'Sed abo‘fto be described below has been the clinical improvement in both animals

discu ‘

and man resulting from the use of tissue dehydrating agents directed
at reducing this edema (2, 16, (20-32, 3448649, 730862, fes, 88, 89)_
x'' occurring

ingly, ; - : 7 : < :
Accordingly Until recently, the pathophysiologic mechanisms involved in producing

ction can be posthypoxic cerebral edema have been similarly stated by many investi-

gators (lo 18 ol sty 84). Hypoxia was thought to cause primarily

an increase in the permeability of brain capillaries, which then allowed

.eakage of plasma protein from them. The consequent rise in inter-

;
he area of acut:ellular osmotic pressure could then draw fluid out of blood vessels,

een focused On.eading to the formation of intercellular edema. The edema fluid would

cerebral edem
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interfering with the passage of oxygen acrog therapeutic
ged brain cells. Intracelluly

act as a physical barrier,

the intercellular space to reversibly dama

edema was also thought to occur from an excessive passage of sodium Tenr
and chloride ions, and hence water into cells which are functionally hypoxic ex;
altered from hypoxia (16, 62, 71, 84). It was also postulated that Meant and c
once the cerebrospinal fluid allows for maximum expansion of the changes ar
brain in its rigid bony casing, brain tissues would not only be posthypoxic
mechanically compressed, but also have their perfusion, and hence clinical re:

oxygen supply diminished. Since these various effects of edema resulf cortex, ce:

in further hypoxic damage, the vicious circle of '"hypoxia-edema-more

1" would become established. The recurrence of a decreased Clinical Mz

hypoxia

oxygen supply could then be sufficient to inflict a final insult upon Posthy
brain cells, converting reversible into irreversible damage. Thus stances bee
it is understandable how brain damage, which is initially limited in They may a

degree, can assume fatal proportions or progress on to some degree OT a partial

of temporary or permanent decerebration of an individual when it the one ext:

would appear that the crisis at the time of an acute hypoxic exposure experiencec
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Another mechanism might also be involved to some degree in the impairment

formation of posthypoxic cerebral edema. Studies utilizing the electra that an astr
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microscope have shown that glial cells in the brain swell markedly
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Permanent histopathologic changes in brain tissue following a

hypoxic exposure have been comprehensively reviewed by Courville (18),

Yant and co-workers (105), Sral o (40, 45).

Since most of these
changes are irreversible, they are not pertinent to the treatment of
posthypoxic cerebral edema. It is pointed out that the majority of the
clinical residues of hypoxia correlate with damage seen in the cerebral

cortex, cerebellar cortex and pyramidal nuclei.

Clinical Manifestations

Posthypoxié clinical manifestations, which have in most circum-
stances been attributed to cerebral edema, can vary considerably.
They may appear up to several hours after either an apparently normal

- : (2, 16, 84)
or a partial recovery from an acute hypoxic exposure & On
the one extreme, symptoms apparently from only mild edema are

(20, _97)

experienced for a few hours They include headache, nausea
with or without vomiting, drowsiness, emotional instability, and
impairment of judgment, insight and logic. It is important to note
that an astronaut in this state might be unable to perform required
operational tasks.

On the other extreme is the clinical picture associated with more
severe cerebral edema. It is characterized by coma, with signs

depending on the depth of the coma (& 0 HER gm0 89).

Respiration
may be stertorous or gasping. Pronounced sweating of the face and
neck is common, and marked hyperthermia may occur early. The
pupils are usually equal in size and dilated. The eyes may be open

and staring, and a coarse nystagmus may be present. Restlessness,
twitching movements of the limbs and actual convulsions are signs which
often appear as coma deepens. Decerebrate rigidity is characteristic

of deep coma. The pre-terminal events of posthypoxic cerebral edema

include an increase in pulse rate, flaccidity, loss of deep tendon reflexes,

hyperthermia and Cheyne-Stokes respiration.

Maximum recovery from posthypoxic cerebral edema, if left untreated,

15
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permanent hypoxic brain damage are well documented in the literaty (Chapter 1
17,518,:50550, 84). Coma can be permanent, with the affected internal he
individual usually dying soon from intercurrent infection or aspiratiey the differe
unless rigorous supportive care is given. Residual motor involveme €Xaminatio
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or athetosis. Common mental sequelae are impairment of judgment, Ccerebral e
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to assume that any degree of permanent brain damage will affect the hypoxic cezx

astronaut's highly developed skills.
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damage can occur in the pre-edematous stage of an acute hypoxic ex-
posthypoxic
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It is also possible for the initial irreversible brain damage to be
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hypoxic exposure. The major identifying feature of cerebral edema,
if the astronaut remains in a semi-conscious or unconscious state
after restoration of oxygen, will be a deterioration in his condition.

It is possible that posthypoxic cerebral edema might have to be
distinguished from air embolic phenomena associated with decompression
sickness (Chapter 4) or resulting from lung disruption due to explosive
decompression (Chapter 3), meteoroid blast (Chapter 12), or trauma
(Chapter 14).

internal hemorrhage (Chapter 14), might also conceivably enter into

Cerebral concussion, acute subdural hematoma, and
the differential diagnosis. It is apparent that the history and physical
examination, finding in particular localizing signs characteristic of

the above conditions, should distinguish these conditions from posthypoxic
cerebral edema. The thought should still be kept in mind, however,
that as the result of a decompression event, air embolism and post-.

hypoxic cerebral edema could occur together.

Treatment

In the light of the foregoing discussion of the pathophysiology of
posthypoxic cerebral edema, it would appear that any measure directed
at breaking the vicious circle of "hypoxic-edema-more hypoxia"
would be an effective form of treatment of posthypoxic cerebral édema.

88)

success with dehydration therapy in humans suffering from posthypoxic

With this principle in mind, Sadove and co-workers ( in 1953 reported

cerebral edema. Their treatment entailed either repeated intravenous
injections of a 50 percent glucose solution or the continuous intravenous
administration of a 25 percent glucose solution. These investigators
found that posthypoxic coma markedly lightened soon after each admin-
istration of hypertonic glucose. However, after a time coma returned
although to a lesser depth than pre-treatment. The improvement phase
was attributed to an initial net loss of water from brain tissues into the
hyperosmotic intravascular compartment. The rebound phase was
thought due to a rapid return of water along with glucose, which passed
in excess from the intravascular compartment, so to swell the intercellular

and intracellular compartments. It was thought, therefore, that agents

1L
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Experiments on animals have shown

posthypoxic cer ebral edema.

that urea and mannitol are effective in decreasing brain volume, in-

asing cerebral blood flow, decreasing cerebrospinal fluid pressux

(9,13, 32458

cire
and producing clinical improvement of this syndrome

si AR O 102). Success in treating humans has been reported
) . [2..16 51, 881, 84, 85, ‘o
for sucrose, albumin, urea and mannitol

Of all the dehydrating agents used in the past, mannitol would appear!

be the most appropriate for the treatment of posthypoxic cerebral

edema in space. In animal and human experiments, which studied tl

cerebrospinal fluid pressure responses to intravenous equimolar do

of hypertonic urea and mannitol, it has been shown that urea produce

a greater decline of this pressure, but the mannitol effect lasts long
SE, 0L 102). Furthermore, it was noted that although a secondary
rise of cerebrospinal fluid pressure occurred after the administratio
of both of these agents, this rebound effect was much greater with
urea. These findings correlate well with human clinical results, for
mannitol appears to be not only more effective than urea and other
dehydrating agents mentioned above in reducing the cer ebral edems,
but is also much less likely to produce rebound L 85).
The clinical usefulness of mannitol has been attributed to the fact th
it possesses the many properties desirable for a dehydrating agent,
for it is non-toxic, is not significantly metabolized or stored in thel
remains almost entirely outside of the intracellular compartment, &
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known usefulness of this drug in preventing acute renal tubular necrosis
from a variety of causes. A practical advantage of mannitol is the fact
that it is easily dissolved in the concentration recommended for
injection. Therefore,it is apparent that a strong case can be made
for using mannitol in the treatment of posthypoxic cerebral edema
in space. However, this view must be substantiated as this drug
receives greater clinical usage with time.

Mannitol is administered in various concentrations (e_.g. o 210
percent solution) only by the intravenous route. Doses of up to 200 gm
spread over a 24 hour period have been used safely (39, 51). Because
of the high urinary output which will accompany the administration of
this agent to a comatose astronaut, his urinary bladder should be
catheterized.

What should be the indication for and the time of administration of
a cerebral dehydrating agent to an astronaut who has suffered an acute
hypoxic exposure? From past experience, it appears that cerebral
edema should be assumed responsible for some of the neurologic
manifestations which occur up to several hours after exposure,
Theoretically and clinically, a dehydrating agent should be administered
for both preventive and therapeutic purposes. Such an agent should
be given to an astronaut, who shows an inadequate neurologic response
to oxygen, as soon as there is clinical evidence of adequate cardiovascular

function.

Hypothermia has been markedly effective when used experimentally
for the treatment of posthypoxic cerebral edema in animals e L0
106). This measure, usually combined with dehydration therapy, has

reportedly been highly beneficial in treating this syndrome in humans (36,
61, 84, 88, 89, 95, 100, 103)

. Reasons for its efficacy, as given by
104)

Harley o) and Wolfe ( » center on the improved balance between
oxygen availability and demand in cooled, edematous brain tissues.
Hyperpyrexia, which in itself can produce permanent brain damage, is
prevented. Even in normal individuals, hypothermia reduces brain

volume and intracranial pressure ( 7). Thus, according to the more

1)
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including the glial cells, and

recent €

minimizes damage of brain elements,
any associated edema.

The level of hypothermia i
erebral edema has bee

ecommended for the treatment of post-
n between 30° C (86° F) and 32° C (89, 6°)

ntrolling shivering, which E:an detrimen-
(36)

has been emphasized :

hypoxic fel
(36, 104), The importance of co

tally increase Cer ebral oxygen consumption,
of shivering would be possible

As is used even today, suppression

with chlorpromazine.

Although hypothermia would apparently be of great value in the

-treatment of posthypoxic cerebral edema in space, therapeutic hypo-

be operationally impossible in the foreseeable future.

thermia might
that adequate total body cooling might be

It is conceivable, however,

attained with a water-cooled space suit.

Finally, it should be mentioned that corticosteroids and cortico-

steroid- antihistami

success in the relief of the edema and signs and symptoms associated
(14, 28, 30, 31, 44, 53, 58, 70) :
. In animal

ne combinations have been employed with great

with brain tumors
ve also reduced edema of cerebral tissues

studies, these agents ha
. 94). Such drugs appear to

induced by toxic agents and cold
combat edema formation primarily by reducing capillary leakage. How-

ever, their value in the treatment of posthypoxic cerebral edema remal

to be determined.

Various supportive measures are required in treating an astronaut
who is suffering from posthypoxic cerebral edema. Measures to
assure adequate oxygenation may include continuing his exposure to
100 percent oxygen, assisting his ventilation, maintaining a clear airw
by measures mentioned above, and removing secretions from his’
respiratory tract. Provided there is no chance of serious respiratory
depression, a sedative such as sodium phenobarbital might be required
for controlling mental and motor manifestations, including convul sions

associated with posthypoxic cerebral edema. An oral or systemic trar
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quilizing drug, such as chlorpromazine, might also be of benefit

in this situation. Intravenous fluids and electrolytes might be needed
not only for feeding a comatose astronaut, but also for restoring his
blood volume and electrolyte losses if dehydration therapy is carried
out. Since gastric dilatation often accompanies the onset of cerebral
edema, oral feeding shoula be withheld for the immediate posthypoxic
period. Nasogastric intubation might be required for relieving this
condition; it can also be used for feeding a comatose astronaut.
Catheterization of the urinary bladder might be required, especially
if a cerebral dehydrating agent is administered. A broad spectrum
antibiotic might be given prophylactically for secondary respiratory

and urinary tract infection if the period of coma is prolonged.

Delayed Posthypoxic Encephalopathy
Delayed posthypoxic encephalopathy is a serious neurologic deter-
ioration which occurs several days following a seemingly normal clinical
recovery from an acute hypoxic exposure. This problem is fortunately
a very rare consequence of acute hypoxia, for Shillito and co-workers )
discovered that only 13 cases of delayed posthypoxic encephalopathy
occurred in 21, 000 cases of carbon monoxide poisoning. Hence it will

only be briefly discussed here.

A clear clinical picture of delayed posthypoxic encephalopathy
(80) and Shillito (92) and their

respective co-workers. The hypoxic exposure is usually severe, with

has been presented in reviews by Plum

most individuals awakening from posthypoxic coma within 24 hours

and resuming full activity in 4 or 5 days. A clinically normal period

of 2 to 10 days, and occasionally longer, follows. Then, abruptly,

these individuals become irritable, apathetic, and confused. Some are
agitated or manic. Motor control is usually clumsy, and diffuse skeletal
muscle spasticity may develop. This neurologic deterioration may

progress to coma and death, or be arrested at any level. Some individuals

21



nths.

recover to full health over a period of many mo

Extensive cerebral hemispheric demyelination, with no predilection

appears to be the major pathologic abnor-

for perivascular regions,
poxic encephalopathy.

mality common to a1l cases of delayed posthy

Cerebral edema or swelling is absent as is damage to nerve cell bodies

and axons.

The cause of this condition is not known. Although cerebral de-

myelination has followed hypoxia in several experimental studies, this

paradox of extensive demyelination coupled with neuronal preservation

- 80 o
has rarely been seen in such studies ( ). Recent findings would

support the hypothesis that injury to the glia, which appear to be not
only involved in the production and maintenance of myelin but also highly

sensitive to oxygen lack, are responsible for this delayed consequence

of hypoxia (36 68).

Unfortunately there are no clinical signs which predict delayed
posthypoxic encephalopathy before it occurs. The history of a hypoxic
exposure and the diffuse findings with long latency described above
should distinguish this syndrome from other conditions, such as psy-

chiatric disease and chronic subdural hematoma.

Since the etiology of posthypoxic cerebral encephalopathy is unknown
it is possible to make no more than empirical suggestions for its treat-
ment. This syndrome appears to occur for no defined reason after
an individual recovers and resumes full activity after a severe hypoxic
exposure, so that it might be wise to restrict the physical activity of
an astronaut in such a situation as much as possible for many days.
Once neurologic deterioration occurs, only the supportive forms of

therapy discussed previously for posthypoxic cerebral edema can be

suggested at this time.
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CHAPTER 2

EBULLISM SYNDROME

Especially during extravehicular operations in space, astronauts
will risk accidental exposure to an ambient pressure which is equal to
or less than the effective vapor pressure of body fluids at body tempera-
ture. Such an exposure will lead to profuse evaporation and outgassing
of these fluids, with the formation of vapor bubbles in tissues, blood
vessels and body cavities. This phenomenon has been termed "ebullism"
and its resulting clinical manifestations, the '""ebullism syndrome" I,

(26)

- For all practical purposes, ebullism can be expected to occur at
ambient pressures of 47 mm Hg (63, 000 ft) or less.

It must be kept in mind that an astronaut subjected to ebullism will
also suffer from primary acute anoxia (Chapter 1). Moreover, injuries
sustained during an "explosive' decompression (Chapter 3) could further

complicate the clinical picture of an astronaut who has experienced

a decompression event.

A discussion of the pathophysiology, clinical manifestations, diag-
nosis and treatment of the ebullism syndrome follows. For more detail-
ed information on the general aspects of this syndrome, including the
results of animal experimentation in this area, reference is made to
a recent monograph by Roth (22). Also pertinent are reviews by Luft

(20), Ward (26), and others el 28).

Pathophysiology
The ebullism syndrome as it could occur in an astronaut has not
been described for man. Moreover, only in the past few years have
manned orbital flights and the increasing use of man-rated space simu-
lators necessitated experiments exposing animals to "space'' in order
to predict with a reasonable degree of confidence what effects such an

1 3 ) ) E] ) 0’-11) 2) 1 2 24
exposure could have on astronauts( o 1 g ).

There appears to be no reason to suggest why the results of such experi-
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ents, particularly those with large primates, should not be reasonably
00l 3

but cautiously extrapolated to man.

Animal experiments have shown that ebullism does not occur uni-

formly throughout the body (a2, Vaporization and outgassing

tend to occur at various places in the body, depending on such local
factors as temperature, hydrostatic pressure, ti)ssue elasticity, solute
(17

concentration, and the presence of gas nuclei These factors accoy

for the early appearance of vapor bubbles at or even slightly above a
total ambient atmospheric pressure of 47 mm Hg in sites such as the
pleural cavity and in the large central venous channels. In the former
site, the pressure is usually less than that of the ambient atmosphere
and in the latter site, the hydrostatic pressure is minimum and tempera.
ture of the blood is maximum i 17). As would be expected, pro-
fuse vaporization from the warm moist membranes of the respiratory
passages and ocular conjunctivae occurs at a total ambient pressure
close to 47 mm Hg (11).

The most significant pathophysiologic events observed during
ebullism appear to result from bubble formation within the cardiovascu-
lar system. Almost immediately after decompression to an ambient
atmospheric pressure at which ebullism can occur, vapor bubbles form

at the entrance of the great veins into the heart (7, 13). Vaporization

then rapidly progresses in a retrograde fashion through the venous sys-

tem to the capillary level. Venous return is blocked by this "vascular
vapor lock'. This leads to a precipitous fall in cardiac output, a
simultaneous reduction of the systemic arterial pressure, and the devely

ment of vapor bubbles in the arterial system and in the heart itself,

including the coronary arteries G 20). Systemic arterial and

vVenous pressures then approach equilibrium with that of water vapor O)

Animal studies have demonstrated that the circulation virtually ceases

completely within 10 to 15 seconds after explosive decompression to

an ambient atmospheric pressure of 30 to 40 mm Hg and within 10 secont

after rapid decompression to near-vacuum (9, 10, 15) Interestingly,

these cardiovascular effects of ebullism contrast with th
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effects of profound acute hypoxia per se, in that the cardiovascular pres-
sure response to hypoxia is manifested by a transient fall in systemic
arterial blood pressure followed by a rebound, then a gradual decline
over several minutes due to hypoxic circulatory failure (14). Hence
the pathologic effect of ebullism, particularly on brain tissues, might
be even more severe than the effect of profound acute hypoxia per se,
for if cardiovascular ebullism occurs, the tissues will be deprived not
only of oxygen but also of the supply of other circulating nutrients such
as glucose and the removal of toxic metabolites such as carbon dioxide

and lactic acid (27).

During an ebullism exposure, cardiac damage might result from
stretching of the myocardium by expanding gas inside the heart, com-
bined with the effects of fulminating anoxia (7). These factors were cited
to explain the markedly abnormal cardiac electrical activity frequently
observed in dogs explosively decompressed to an ambient atmospheric
pressure of 30 mm Hg, and the failure to resuscitate the dogs so exposed
for over 3 minutes in duration (7). They might also have been involved
in producing the fatal cardiac arrhythmias observed in other animal ex-
posures to near-vacuum (35 4.8, 85 19, 24).

Profuse fluid vaporization from the moist membranes in the respira-
tory tract apparently can traumatize delicate lung tissues (3). Water
vapor, oxygen, carbon dioxide and nitrogen or other inert gases,if pre-
sent in the atmosphere prior to decompression, pour out of the pulmo-
nary blood and tissues and rapidly escape through the airways into the
surrounding environment. Whether the widespread pulmonary edema,
atelectasis, congestion and hemorrhage observed in animals following
ebullism are due to a disruptive effect of escaping gases, to tissue cold
injury from fluid vaporization or to some combination of these factors
has not been determined. The severity of lung damage does increase
with the rate of decompression and the duration of the ebullism exposure (3)
Interestingly, serious lung damage was not observed in dogs subjected
(el 12).
Denitrogenation, or the breathing of oxygen for a period of time prior

to exposure also exercised a significant protective effect on the degree
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(s TS 12)_ Finally, it is noted that the atelectagj

of lung involvement

b d in animals exposed to total ambient atmospheric pressures at
observe :

hich ebullism occurred might in part be attributed to a displacement
which ebu

¢ intra-alveolar gasses by fluid vapor, followed by collapse of vapor-
oI 1n -

filled spaces on recompression {20 he vapor which forms in the
1

; i b
pleural ""space'’, and so partially collapsesgle lung, might also be an

important factor in producing atelectasis s

Heat losses mainly from fluid vaporization in the respiratory tract
and on the skin surface has diminished the lower esophageal temperature
of animals decompressed to near-vacuum for survivable lengths of time
by several degrees centigrade (9, Lowered body temperature reduces
the vapor pressure of body fluids as well as tissue metabolism. However
No doubt

the body cooling takes place mostly within the chest and at the skin surfag

it is not known whether this phenomenon would affect survival.

Because of cardiovascular vapor lock, cooled blood cannot éirculate to
highly oxygen-sensitive brain tissues until brain perfusion is restored
after recompression. Since this blood would be an admixture of blood
from cooled and uncooled parts of the body, it would probably not be cool
enough to confer significant protection from hypoxia on brain tissues
between the moment of recompression and the restoration of adequate
brain tissue oxygenation. Finally, whether blood cooling from ebullism
could ever be great enough in a human to produce fatal ventricular
fibrillation (Chapter 7) remains to be determined.

Vaporization and outgassing at sites in the body other than those
mentioned above appear to be of minor pathophysiologic significance.

Projectile vomiting, defecation, lacrimation, salivation, and urination

have been observed in animals at the time of exposure to ambient atmosphe
pressures at which ebullism occurred s, 7, 8, 13, 14, 15, 17,0

Most important from a clinical standpoint in the ebullism syndrome

appears to be the consequences of the profound anoxic exposure combined
with the damaging effects of intravascular,
bubbles which might fail to reabsorh compl

recompression. Roth 2

and possibly extravascular
etely coincident with
summarized his discussion of the dynamics of

subcutaneous vapor pockets
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a rapid conversion of liquid water to the vapor phase. This phenomenon

reaches a peak rate at about one minute and then probably continues on at

a slower rate for several minutes. He noted that there is an original rush

of carbon dioxide, nitrogen, and oxygen into the pocket, but that carbon
dioxide gradually becomes the most abundant gas. Reference was made

to the pressure data of Kemph and co-workers (17), who showed that by 60

seconds after decompression to an ambient atmospheric pressure at which

ebullism occurs, these gases may make up to about 10 percent of the

total pressure within subcutaneous vapor bubbles. If it is assumed that

the diffusion of gases into and out of vapor bubbles within the cardiovascular
system approximates the diffusion of gases into and out of subcutaneous
vapor bubbles, then there is a likelihood that some intravascular bubbles
might fail to reabsorb completely on recompression, especially if the pre-
decompression ambient atmosphere contains an inert gas. The probability
of this occurring will increase with the length of time that ebullism is ex-
perienced. These post-ebullism bubbles could then continue to act as
emboli, and so inflict temporary and possibly permanent tissue damage.
By blocking blood flow through such critical tissues as the heart, brain,
and lungs, they could conceivably be the major contributor to post-recom-
pression death.

The rate of decay of a post-ebullism bubble is determined by the
same factors which control the rate of reabsorption of a bubble of decom-
pression sickness (Chapter 4). Complicated theoretical considerations
beyond the scope of this discussion indicate that post-ebullism bubbles will
always contain higher levels of carbon dioxide and oxygen than inert gas,
and hence( sh)ould reabsorb much more rapidly than bubbles of decompression

22

sickness . It is noted that the rate of reabsorption of a post-ebullism

bubble will vary inversely with the amount of inert gas in the bubble, and
hence on the duration of the decompression exposure. Roth (Z2) has dis-
cussed the significance of various inert gases in the reabsorption of post-
ebullism bubbles. He concluded that because of its low permeation co-
efficient in blood, neon in a bubble would be reabsorbed more rapidly and
therefore would be a '"'safer' inert gas for an astronaut to have in his

ambient atmosphere than nitrogen. It was also postulated that nitrogen
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would be a "'safer' gas than helium. He predicted, however, that the oye,.
all dependence of the ebullism syndrome on the type of inert gas used
would be much less for this syndrome than for decompression sickness,
The observation that animals recover less rapidly after a brief exposure
to a total ambient pressure at which ebullism occurs than after a decom.
pression episode at a partial pressure just below this leve(lzg?s been attri.
buted primarily to the existence of post-ebullism bubbles .

The recovery of dogs, squirrel monkeys, and chimpanzees has beey
studied after their exposure to near-vacuum for varying periods of time G
4,5, 7, 8 9, 10, 18, 19, 24). Perhaps the experimental observa-
tions which might best be extrapolated to man are those on chimpanzees
(18, 19). However, when extrapolating the following experimental obser.
vations to man it must be kept in mind that the functional capabilities of
man are much highér than the chimpanzee. Thus man might suffer a
severe loss of higher psychomotor functions with a degree of brain damage
which would still allow a chimpanzee to function adequately. Several
chimpanzees, denitrogenated by breathing pure oxygen for four hours prior
to decompression, have tolerated exposures to ambient atmospheric pres-
sures of less than 2 mm Hg for up to 210 seconds with a return of apparentl

normal psychophysiologic function after reécompression. Manifestations

during the period of Tecovery are not unlike those during

a severe acute hypoxic episode.

a recovery from

The time for first purposeful movement

to occur after Tecompression increases with the duration of exposure,

being about five minutes for a 60 second €xposure, 20 minutes for a 120

second exposure, and 40 minutes for a 150, 180 an

d 210 second exposures,
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remains to be determined. It is apparent that such experiments must be

carried out on a larger Population, extending the duration of exposure

beyond 210 seconds before a more complete picture of all the possible

manifestations, both temporary and Permanent, of the ebullism syndrome

can be presented for the chimpanzee, If spacecraft cabin atmospheres

then these primates should also be decompressed
while breathing such atmospheres in order to determine inert gas contri-
bution to clinical effects which, as noted above, could be markedly aug-

mented in such a situation by post-ebullism bubbles.

are to contain inert gas,

Experiments with animal species other than the chimpanzee would
suggest that when as astronaut experiences ebullism beyond 150 seconds

in duration, the period of temporary functional impairment will be in-

creasingly prolonged and manifestations of permanent brain damage will

appear and rapidly increase in severity, especially if the astronaut is

decompressed from an atmosphere containing inert gas (2 5). From

autopsies on animals which did not survive ebullism and observation of

animals which recovered, it appears that brain damage in the ebullism

syndrome is more diffuse than focal in nature, Cerebral edema (Chapter

1) resulting from the combined effects of the acute anoxic exposure and
under certain circumstances brain tissue hypoxia secondary to blockage
of cerebral vessels by post-ebullism bubbles will no doubt play the major

role in the production of temporary and permanent cerebral manifestations

of the ebullism syndrome. Finally there is experimental evidence that

oné or more post-ebullism bubbles can produce nervous tissue damage
of a more focal nature. One dog subjected to ebullism exhibited severe
post-decompression paralysis which gradually recovered over a period
of weeks (3.4, 5). Its spinal cord had numerous demyelinated lesions

which seemed to be the result of gas bubble emboli (ks 12). Another dog

manifested severe post-decompression paralysis which slowly improved
over a two month observation period. This time focal lesions were found
in both the brain and spinal cord, especially in their white matter (8), The
Predilection of white matter for such damage may be due to the fact that as
compared to gray matter, it is not only less vascular but also has a greater

solubility for nitrogen (8). Intra- and possibly extravascular, or autochthonous
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bubble formation have both been implicated in the production of this pathology,
i1

Blockage of coronary arterial blood flow in an astronaut is con-
sidered a serious possible conseguence of post-ebullism bubbles. Due fo
the cumulative effects of an inadequate myocardial blood supply, impaired
cardiac function could manifest itself immediately after recompression,
or from minutes to many hours thereafter. Permanent myocardial damage
leading to some degree of chronic myocardial insufficiency might even
be possible.

It is conceivable that by depriving vascular beds of an adeguate
blood supply, ebullism bubbles could produce such wide- spread vascular
injury, leading to impaired vasomotor control and loss of pPlasma through
damaged capillary walls, that circulatory collapse might occur. As in
decompression sickness (Chapter 4), this might occur up to several hours
after recompression. Myocardial insufficiency secondary to bubble emboli

might or might not assist in producing "shock”. As in decompression
sickness, the lungs could well be the main site of this plasma loss, es-
pecially since vapor bubbles tend to form in the right side of the heart.
Animals autopsied after ebullism have demonstrated marked pulmonary
edema. The observations that the pulmonary edema is much less severe,
and is associated with a lower mortality rate in those animals which denitroges

as compared to those that breathe air Prior to decompression lend support
for the prediction on the theory that inert

gas can play a detrimental role
in the ebullism syndrome (11, 12, 22).

Clinical Manifestations
The fact that the ebullism s

yndrome has not been described to date
for man bears re- emphasis,

Moreover, animal experimentation has
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ambient atmospheric pressure at which ebullism will occur, time of

useful consciousness will be about 10 to 15 seconds, As shown in ebullism ex-

periments, and also pointed out in Chapter 1, hypoxic
should not appear if, after a one Ssecond or less time t
pression is accomplished within 4 to 5 seconds! of exp

Loss of consciousness will be abrupt.

o altitude, recom-

osure (4. 5).

The ensuing state of flaccid
paralysis might be preceded by tonic and cloni

C seizures lasting up to
several seconds in duration.

Systemic arterial pressure will fall preci-

pitously, probably within 15 seonds after decompression, Breathing will

be arrested about the time consciousness is lost or within a few seconds

thereafter.

Marked abdominal distension will occur immediately after being

defecation and urination,
which could create an extremely serious particle and droplet hazard in

decompressed, and possibly promote vomiting,

the weightless environment if the exposure is survived (Chapter 9). A

striking swelling of the subcutaneous tis sues, beginning in loose skin
areas such as the eyelids, axillae, Scrotum, and neck will be noticeable

within 10 seconds after decompression. As €xposure continues beyond

this time, this swelling will extend rapidly, creeping into some adjacent

areas and extending rapidly into others. Since man's skin is "tighter"

than the skin of animals, it is likely that this swelling will be much less

in humans than that seen in animal exposures.

In general, the rate of recovery of an astronaut after suffering the
effects of ebullism will be determined by such factors as the duration of
his decompression, the rate of recompression and whether or not air or
oxygen is breathed during recompression. As might be expected, the
shorter the exposure and the faster the rate recompression while breath-
ing oxygen, the greater and less complicated the recovery of animals sub-

(4, 5)

jected to near-vacuum
If a recompressed astronaut survives the immediate effects of

ebullism and resuscitative measures are not employed, it might take up

to a2 minute or more for adequate respiration to return, depending on the

duration of his decompression. Recompression will in essence be a first
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breath. If an astronaut is recompressed with oxygen there need not be
¥ if .

an urgent requirement for artificial respiraﬁon, fo-r adequ‘ate ap.neic
oxygenation of pulmonary blood can occur for a permd- of time without
interference from carbon dioxide accumulation providing, of course,
his airways are unobstructed. Respiration might remain irregular for
several minutes. If longer, the probability of severe temporary and
possibly permanent brain damage will be great.

A recompressed astronaut's cardiovascular function might also
take up to several minutes to return to an adequate level. Failure to do
so might be due mainly to myocardial insufficiency caused by bubble
embolization to the coronary arteries. This clinical state is characterized
by a persistent tachycardia, arterial hypotension and venous distension,
As mentioned pr eviously, impaired vasomotor control and plasma loss
might conceivably contribute significantly to the production of circulatory
collapse, which might occur up to several hours after recompression and

possibly have fatal consequences.

If an astronaut who is suffering from the ebullism syndrome does
not have the benefit of therapeutic measures other than recompression,
his time to maximum recovery might take hours to days and even weeks.
Since it is thought that prolongation of recovery would be due to cerebral
edema, the psychomotor manifestations which an astronaut will present

will be much the same as those described for
(Chapter 1),

post-hypoxic cerebral edema
Although considered more unlikely following ebullism, focal

reversible or irreversible damage of brain tissues might occur, the clinical

picture from this being thought essentially the same as that described for
decompression sickness (Chapter 4),
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infection, which could seriously complicate an astronaut's recovery
from ebullism.

Diagnosis

The diagnosis of ebullism itself should be obvious. However cer-

tain manifestations of the ebullism syndrome which occur after recom-
pression might only be diagnosed by history, physical €xamination, and

the use of special diagnostic procedures. The crepitus of subcutaneous

bubbles might possibly be felt after recompression in a survi

ving case of
prolonged exposure. Deepening unconsciousness,

prolonged uncon-
sciousness or delayed deterioration of consciousness after recompress-

ing an astronaut might be indicative of either cerebral edema or cardio-

vascular ""'shock!'', Tachycardia, arterial hypotension and venous dis-

tension might be diagnostic of cardiac failure, Rapid shallow breathing

and persistent cyanosis might represent pulmonary atelectasis. If

possible on-board the Spacecraft, a hematocrit determination could be

used to diagnose pulmonary atelectasis.

Treatment

Up to the present time, the treatment of the ebullism syndrome has
not received attention. Experimentation is certainly warranted in this
area to justify the use of specific therapeutic measures which are
indicated by theoretical considerations. In addition, a number of resus-
citative supportive measures should be available and administered as
sound clinical judgment dictates.

The initial resuscitative measures which might be applied to an
astronaut who has suffered ebullism are similar to those discussed
in detail under acute hypoxia in Chapter 1. He should be exposed to as
high a partial pressure of oxygen as possible. However, in order to
minimize the risk of pulmonary atelectasis which accompanies the use
of 100 percent oxygen at reduced pressures, it might be wise to switch
him to an inert gas-oxygen mixture as soon as his cyanosis clears.

From theoretical considerations, it is conceivable that immediate

feécompression of an astronaut to hyperbaric levels to hasten the reab-
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i i be a highly effective measure
sorption of post-ebullism bubbles might be ghly

in the treatment of the ebullism syndrome. The rationa-tle of having a
recompression facility available for the treatment of this syndrome as
well as decompression sickness and other air embolic phenomena
which might occur during space opex_'ations is discussed under the treat.
ment of decompression sickness in Chapter 4. If an astronaut can be
recompressed, it is thought that due to the relatively lower inert gas
content of post-ebullism bubbles, an adequate clinical result might

be attained at an even lower ambient pressure in the treatment of
ebullism than in the treatment of decompression sickness. This will
particularly be so if ebullism results from decompression of the space
suit, for an astronaut will be breathing 100 percent oxygen and so
releasing the inert gas of the spacecraft cabin atmosphere from his
body tissues for a period of time before his ebullism eéxposure. Since
the lower the partial pressure of nitrogen in the inspired gas, the
greater is the reabsorption rate of bubbles which contain nitrogen,

it would seem advisable to have an astronaut breathing 100 percent
oxygen or another inert gas throughout the period of his hyperbaric
recompression ( ). On the other hand, the tendency of a pure oxygen
environment to produce pulmonary atelectasis must be kept in mind.

It is noted that if 100 percent oxygen is breathed, the recompression
préssure would have to be limited to the lower pressure range (up to 3
atmospheres absolute) to Prevent oxygen toxicity.

Positioning a recompreséed astronaut in the head-down, left lateral

position to minimize the migration of air emboli into the coronary and
brain vessels will obviously be of no therapeutic benefit

in the weightless
environment, This measure should be car

ried out, however, if ebullism

has occurred under sub-gravity conditions, If manifestations of pulmo-

nary atelectasis are in evidence, reinflation

of his lungs should be
attempted. Mouth-to-
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An astronaut suffering from the ebullism syndrome who does not

respond adequately to oxygen should be treated for cerebral edema
according to the indications and measures discussed under pPost-hypoxic
cerebral edema in Chapter 1., If undertaken, dehydration therapy should
begin as soon as possible after his systemic arterial pressure is
restored to an adequate level. Because of myocardial infarction and
plasma loss, this factor may be more critical in the therapy of ebullism

than in post-hypoxia per se.

Various forms of supportive therapy should be administered as
indicated. An intravenous vasopressor, such as metaraminol, and a
rapid-acting intravenous cardiac glycoside, such as digoxin, might
be given until the systemic arterial pressure stabilizes. The cardiac
glycoside might be continued indefinitely if it appears that myocardial
damage has occurred. Other intravenous fluids might be given not
only for the feeding of an unconscious or semiconscious astronaut, but
also for restoring excessive fluid and electrolyte losses from dehydra-
tion therapy. Such fluids must be given with care if myocardial damage
has occurred.

The question as to whether a pulmonary vasodilator could provide
some relief of the clinical manifestations produced by post-ebullism
bubbles trapped in the pulmonary circulation remains to be answered.
Such an effect would depend to some degree on the ability of such a drug
to release the vascular spasm at sites of bubble lodgment. Isoproterenol
would be the drug of choice, not only for its pulmonary vasodilatory
activity, but also for its positive inotropic and chronotropic actions (1, 6).
Since metaraminol is a pulmonary vasoconstrictor, the administration of
this drug to restore systemic arterial pPressure in this situation is
debatable (1). On the one hand, it might tend to counteract the effect of a
pulmonary vasodilator or if a vasodilator is not given, might seriously
Jeapordize pﬁlmonary blood flow already partially blocked by bubbles.

On the other hand, metaraminol might have no further effect on pulmo-
nary vessels already maximally vasoconstricted due to bubbles. Experi-

mentation in this area therefore appears indicated.
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Sedation with a drug, such as phenobarbital, might be required for

controlling mental and motor manifestations, including convulsions,

of the ebullism syndrome. Since gastric dilatation often accompanies
cerebral edema, oral feeding should not be attempted in the immediate
post-recompression period. Nasogastric intubation may be needed

for relieving gastric dilatation and used later if required for feeding.
Urinary bladder catheterization should be undertaken if an astronaut is
semicomatose or comatose. Prophylactic antibiotic therapy should be
rendered if some degree of pulmonary atelectasis persists or if an

astronaut remains in coma for a prolonged period of time.
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CHAPTER 3

”EXPLOSIVE”* DECOMPRESSION INJURIES

However remote the possibility might be, astronauts will always
face the potential hazard of "explosive' decompression during space
missions. Such an extremely rapid reduction of the ambient atmospheric
pressure of a spacecraft cabin mighf be caused by penetration of the
cabin wall by a large meteoroid or structural failure resulting from a
landing accident on 2 moon or planet. The space suit might be

-accidentally perforated by accidental contact with sharp stationary ob-
jects or with tools and other movable extravehicular equipment during

extravehicular operations.

Theoretical analyses of "explosive'' decompression transients
have been presented by Haber and Clamann {8) and others (L2 el 15).
These analyses indicate that the possible injuries from an "explosive"
decompression are determined by the change in absolute pressure,
the ratio of the initial to the final ambient atmospheric pressure and
the rate of decompression. It is important to remember that one of
the main factors which determines the rate of decompression is the
ratio of the volume (V) of the spacecraft or space suit to the effective
area (A) of the decompression orifice. This ratio becomes the time

characteristic (tc) of decompreslsion when the velocity of sound (C)

is included in the relationship

tc T e

for the particular volume and decompression orifice under consideration.

It is noted that the time characteristic is independent of pressure.

* 0
It is noted that for thermodynamic reasons, the flow of gases through
an opening in the spacecraft cabin wall or in the space suit cannot exceed

3 1 o A : 3 L
explosive decompression is actually a misnomer. However, it is com-
y rapid decompressions occurring in
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During '""explosive! decompression, an ex

sustain injuries inflicted internally by the rap

Posed astronaut might

id expansion of gases in
gas-containing organs such as the lungs.

A variety of mechanical
injuries (Chapter 14) might be inflicted ex

ternally not only by being
displaced or being struck by displaced objects as the cabin air rushes
toward the decompression orifice, but also by the factor ca

using the
decompression. After

"explosive" decompression, acute hypoxia
(Chapter 1) and ebullism (Chapter 2) will probably be experienced,

This chapter is mainly concerned with the pathophysiology, clinical

diagnosis and treatment in Space of possible internally
inflicted, "explosive! decompression injuries.

manifestations,

The most likely exter-
nally inflicted injuries are mentioned, but discussion of their treatment
is reserved for Chapter 14.

Internally Inflicted Injuries

Pathophysiology

Since the solid and liquid constituents of the body are not deformed
by changes of ambient atmospheric pressure, only those organs which
contain appreciable amounts of free gas are immediately affected by
"explosive! decompression. Whenever expanding intracorporeal
gases cannot readily escape during an "explosive!" decompression,
they will exert pressure on surrounding tissues. Due to their fragile
structure and the large amount of gas they contain, the lungs are more
susceptible to injury by overpressure than the abdominal organs (13).

It has been established experimentally that if the intact mammalian
lung-thorax system is permitted to expand passively, lung structure
will disrupt at pressure differentials across the lungs and chest wall
of about 80 mm Hg (1, 17). This is in contrast to the pressure differen-

tials of more than 150 mm Hg frequently tolerated in the act of coughing,
during which active muscular effort actually reduces lung volume by
Compressing its gas content (13).

Fortunately the probability that an astronaut's respiratory passages
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cted and hence overdistended by trapped intrapulmonary

could be obstru

i ive'! ssion is very remote.
gases at the instant of an "explosive' decompre y

Moreover, it appears that patent airways will allow ade-qltlate Eals?)c)ape
of expanding gases under all but the most extreme conditions z
These conditions can be fulfilled if the difference between the time
characteristic of the spacecraft cabin or space suit and that of an
astronaut's respiratory passages is such that a transient pressure
differential of a sufficient magnitude builds up between the lung and
ambient atmospheric pressures. Since the volume of the lungs
varies with respiration, it is apparent that the time characteristic
of the lungs also varies with the phase of expiration. The trans-
thoracic pressure differential for patent airways would therefore be
greatest when decompression occurs at the time of full inspiration.
The time characteristic of "explosive' decompression required

(15)

for injury or death is unknown for humans The results of animal

(13)

about 1.2 (rn3/m2), or a time characteristic of about 3 milliseconds,

studies, reviewed by Luft , indicate that a cabin V/A ratio of

is associated with a 50 percent mortality. If such data can be rea-
sonably extrapolated to man, only the apparently uncomplicated expo-
sures of Sweeney (18), who had the cabin V/A ratio about 1 (rn3/rn2),
have been within the expected lethal range. It has been noted, however,
that even if these human decompressions occurred with the respiratory
passages closed and the lungs at mid-respiratory volume, the change
in ambient atmospheric pressuré would have been insufficient, despite
the low V/A ratio, for a critical overpressure of about 80 mm Hg to

be produced in the lung (13). Finally the point should be brought out
that even though the rate of gas escape from the spacecraft cabin or
Space suit and from the lungs depends mainly on the molecular weight
of the gas under consideration, The molecular weights of the various

gases which are being considered for use as spacecraft cabin atmos-

pheres are probably not of great significance in influencing the magnitude

of the "explosive! decompression hazard,

In his discussion of lung injuries caused oy !t
with the respiratory passages patent, Luft )
50
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conditions, with no change in volume; it is due to the inertia in the
system. This phase is pProbably associated with the highest trans-
thoracic pressures. In the second Phase, the transthoracic pressure
is attenuated due to the expansion of the chest and the escape of gas
through the airways, The third Phase is again isometric., The chest
is normally expanded until the Overpressure is dissipated by the es-

cape of gas through the trachea, Disruption of pulmonary tissues

probably occurs to the greatest degree when these tissues reach
their limits of tensile strength during the third phase. However,

structural damage might also occur during the first and second phases,
In these phases, the differences in acceleration of intrathoracic tissues
under the impulsive pressure loading could result in disruptive lesions
similar to those encountered in meteoroid blast (Chapter 12). Luft
pointed to convincing experimental evidence that overdistension of the
lungs and not the pressure pulse of the first and second phases per se
is the mechanism Primarily responsible for lung disruption. Animals
given pneumothoraces have survived "explosive decompressions
which would have been absolutely fatal otherwise., This suggests but
does not prove that distension is the critical factor (ll). The fact
that surrounding an animal's trunk with an inelastic fabric or plaster
cast markedly increases tolerance to ""explosive' decompression
further substantiates this view = 5 14).

Althéugh highly unlikely, it is possible that an ""explosive" decom-
Pression might occur when an astronaut's respiratory passages are |
closed, such as during swallowing and breath holding. Lung injuries
occurring under these circumstances will be caused by the same
mechanisms as those above. However, injuries due to over distension
of the lung will always be more serious than those due to th;al g)ressure
pulse of the first and second phases of lung decompression ¢ Dihe
Pressure gradient ( A PL) across the lungs and passively distended
chest wall in this situation can be estimated from the following

13
relationship derived by Luft ( ).
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e
1 o
AP. = [V (Pi-47):‘ + 47 Pf

max
V. is defined as the lung volume prior to decompression, Vmax as the
mlaximurn intact volume of the lungs, P, as the initial ambient atmos-
pheric pressure, and Pf as the final ambient atmospheric pressure
which, in the space situation, would be zero. It is apparent from this
equation that when the initial and final pressures of decompression_are
given, the volume of gas trapped in the lungs relative to their total
capacity is the factor which determines the transpulmonic pressure
gradient which could cause overdistension and disruption of lung tissues.
From the above equation, the pressure gradient which might exist
across an astronaut's lungs and passively distended chest wall if an
""explosive' decompression to a vacuum occurs while his respiratory
passages are closed was calculated both for different ambient atmos-
pheric pressures which are currently used in the spacecraft (7 psia and
5 psia) and space suit (3.7 psia), and three different lung volumes prior

to decompression: full inspiration (Vi/V = 1.0), the normal end ex-

max
piratory position (Vi/vmax = 0.55), and full expiration (Vi/Vmax =0, 25)%

This data is presented in Table 3.1,

v, AP, at ' APL at AP, at
vmax Pi = 0.0 psia Pi = 5.0 psia Pi = 3.7 psia
(362 mm Hg) ‘ ( 259 mm Hg) (191 mm Hg)
1.0 362 mm Hg 259 mm Hg 191 mm Hg
0. 55 220 mm Hg 164 mm Hg 121 mm Hg
0. 725 126 mm Hg 100 mm Hg 83 mm Hg
Table 3.1

Pressure gradients
astronaut's lungs an
wall if an "
while his r

(AP. ) which might exist across an
d passively distended chest
explosive' decompression in space occurs
espiratory passages are closed. They are
for different ambient atmospheric pressures.

(Pi) and lung volumes (V.) prior to decompression to
a2 vacuum (Pf =) 1
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It is most interesting to note that all such pressure gradients under

:Ot:_e these conditions are over the previously stated critical level of about

= 80 mm Hg. Therefore an ""explosive' decompression in space while
fisiis an astronaut's respiratory passages are closed is considered a very

o sas | g%eat hazard from the standpoint of serious lung injury from overdisten-
i . sion,

nje | The pathophysiologic effects of the pressure pulse and the lung over-
fresug s distention which occur during an "explosive'' decompression have been
ot | described by Hitchcock (9), Karstens (10), and others (2% 5815, 19).

= Since these effects are similar to those produced by blast (3), discussion
SOk of this area is reserved for Chapter 12.

0es "Explosive' decompression does not appear to have a serious patho-
13 aud physiologic effect on the gastrointestinal tract. The gastrointestinal

S o tract of experimental animals decompressed from 523 mm Hg to 87 mm
=0dfexe Hg in 15 milliseconds showed no gross pathology (6). It has been diffi-

= 0. 25). cult to produce actual disruption of the gastrointestinal tract in animal

(48 e S 50))

§ experiments, even with the most severe decompressions

In humans, abdominal gas pains caused by "explosive' decompression

has usually been no more severe than that resulting from slower de-

;.lt? Bl compressions through the same pressure range (2). As pointed out
ot in Chapter 12, severe gastrointestinal dilatation might itself elicit a
severe bradycardia. An expanded stomach might displace the dia-
m Hg phragm upwards and so possibly embarrass respiration (2). A tem-
n Hg porary gastrointestinal ileus might conceivably occur secondary to
n Hg severe dilatation.
Expanding air in the middle ears should escape without producing

injury,even during the most severe ""explosive' decompressions. This

e | is also true for the escape of air from the sinus cavities, provided
1 n

| 2
that the sinus passages are unobstructed ( ).

1T S

re

ures, Clinical Manifestations

to Since the pathophysiologic effects of ""explosive' decompression

on the lung are similar to those produced by blast, it can be assumed that
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the clinical manifestations associated with lung involvement would
be the same in both situations.

in Chapter 12.

These manifestations are described

As mentioned above, injuries from the rapid expansion of gas in

the gastrointestinal tract and middle ear and sinus cavities are not

an expected result of "explosive' decompression, Gastrointestinal

distension might be associated with severe pain. Through a vagal

reflex elicited by the distension, faintness or Syncope might occur,

Gastric distension might displace the diaphragm upwards, and so

pPossibly embarrass respiration during the decompressiqn period. A
period of gastrointestinal ileus might conceiva

bly follow severe disten-
sion.

Expanding gases in the gastrointestinal t

jectile vomiting and defecation,

Diagnosis
o uro

explosive!
t€ as those outlined for blast in Chapter 12

ntestinal
it should pe mentioned that the oral i

Although injuries from ¢

.

he expansion of gas in the gastroi
tract are not anticipated,

foods ang fluids should be

» €specially if it ig
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vould

in the direct vicinity of the opening has been physically blown out of

Cribed the cabin with the blast of escaping air or has been severely injured
by striking or by being struck by objects in the cabin (2). The rush of
' gas in air through communicating channels or narrow passageways is often
€ not sufficient to propel an object or person within these areas with projec-
Stinal tile-like velocities. Thus it appears that injuries might be inflicted
Agal during an "explosive' decompression, especially if an astronaut is un-
-cur. restrained and is either close to the decompression orifice or in a
S0 narrow passageway between parts of the spacecraft cabin, or if items
od. A of equipment or other materials in the spacecraft cabin become detached
> disten- or fragmented at the moment of decompression. This missile hazard will
= pro- be particularly great if the cause of the "explosive' decompression is
a meteoroid penetration (Chapter 12). The role of spacecraft cabin
volume in determining the magnitude of this hazard must be kept in
mind, for the greater this volume, the greater the potential momentum
com- of an astronaut's body and disrupted structures produced by decompression.
story The principles of treatment of various externally inflicted injuries
f blast which could result from an ""explosive' decompression are discussed
in Chapter 14.
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CHAPTER 4

DECOMPRESSION SICKNESS

Past experience has indicated that astronauts may be exposed to a
risk of decompression sickness during extravehicular operations which
require decompression from an atmosphere containing an inert gas.

Such a risk will also be present following an emergency or accidental

decompression of an inert gas atmosphere to an ambient pressure at which

death does not immediately result from acute hypoxia (Chapter 1) or the
combined effects of acute hypoxia and ebullism (Chapter 2).
As will be pointed out in this chapter, analysis of the risk of decom-

pPression sickness suggests that the potential incidence of minor manifes-

tations of decompression sickness is quite low, and of major manifestations

extremely low. However, until ground simulator and Space operational
experience confirm this optimistic attitude, it remains advisable to
consider and prepare for the treatment of decompression sickness,

especially for missions during which there will be much extravehicular
activity,

A detailed discussion of decompression sickness here would be

redundant in the light of many excellent reviews which have covered all

known aspects of this syndrome, particularly as it occurs following

ascent to altitude (20, 44, 64, 65, &% 88, 89). This brief presenta-

tion summarizes only those aspects of decompression sickness considered

Pertinent to the occurrence and treatment of it in Space.

Further detail
in this area can be sought in the key literature cited.

Pathophysiology
The pathophysiology of decompression sickne

ss has received detailed
consideration by Adler (1, 2)

» Catchpole and Gersh (18), Clamann (20),
sy = memdiommneon 160 e, (B9) 5, L (6a) | o))
Wittmer (89) o many others (3> 7 14, 19, 22, 23, 44, 77, 80, 81)

Harvey &

The fOllOWi'ng discussion is mainly concerned with the basic mechanisms
i

nvolved in the Production of thig syndrome and the risk of its occurrence
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relative to the use of various inert gases which might be considered for
use in spacecraft cabin atmospheres. More specific pathophysiologic
mechanisms will be considered in the subsequent discussion of the

clinical manifestations of decompression sickness.

Many theories have been advanced to explain the various manifesta-
tions of decompression sickness. Most investigators believe that this
syndrome results from the pressure and volume effects of bubbles which
appear in the blood and tissues of the body when the sum of the partial
pressures of gases dissolved in the body fluids becomes sufficiently
greater than that of the ambient atmosphere.

The literature pertinent to the formation and growth of bubbles
formed in decompression sickness has been summarized by Roth (8}

and others (35 280 S o 64). It is thought that bubbles most likely

originate as water vapor cavities in areas where large local decreases

(81)

joints, the insertions of contracting muscles, and vortices of turbu-

in hydrostatic pressure can occur Such areas include moving

lent zones of blood flow. It has also been suggested that a bubble might

originate from a stable bubble nucleus formed in tiny hydrophobic niches
(20, 221

in tissue structures The occurrence of pressure pulses and

the propagation of sound waves have even been postulated as mechanisms
in initiating bubble formation (20).

Whatever focal event might be responsible for initiating bubble
formation, an essential prerequisite must apparently be fulfilled before
a bubble can persist and grow to a size at which it can exert pathophysio-
logic effects. The sum of the partial pressures of gases dissolved in
the fluid surrounding a bubble must be sufficiently greater than the absolute
pressure (hydrostatic pressure plus ambient atmospheric pressure) being
exerted on the fluid. This pressure difference then favors bubble growth
from diffusion of gases into the bubble. In this respect, the nitrogen
(or other inert gas) in the atmosphere which is breathed prior to decom-
pression becomes the major contributor to bubble growth, due to its
high partial pressure as compared to other dissolved gases at the sites

where bubbles tend to form and grow. In the absence of gaseous super-
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g fluid, a bubble will eventually collapse, the

saturation of the surroundin
dissolution of gases and water vapor in it being driven mainly by the sur-

face tension of its wall.

The initial rate of growth of a decowpression bubble is proportional
to the total amounts of gases available at the liquid-vapor interface.
Because carbon dioxide has a higher permeation coefficient than other
gases, it is the main early constituent of bubbles formed at altitude.
This appears to account for the greater propensity for decompression
sickness when exercising at altitude, and possibly for the fact that most
decompression symptoms which occur at altitude rapidly disappear
following a relatively slight increase in the ambient atmospheric pres-

6 (G115 463851 64, 81), As a bubble continues to grow, both the

su
amounts of gases in the fluid surrounding the bubble and the diffusion
constants of these gases will determine the rate of bubble growth. In
time, the relative proportions of gases in a bubble will become propor-
tional to the partial pressures of these gases in the surrounding fluid
(81)

medium
The non-supersaturated blood which circulates through a tissue or
past an intravascular site where a bubble is formed affects the growth
rate as well as the peak size and rate of decay of the bubble. After
decompression, the systemic venous blood, for all practical purposes,
loses all of its supersaturated gas in passing through the lungs (15).
Accordingly, as soon as a bubble is formed it begins to compete for
gases with surrounding supersaturated tissues which are in turn being
perfused, and so desaturated, by non-supersaturated blood. The degree
of support given to bubble growth by a tissue will therefore be directly
proportional to the rate of gas desaturation of the tissue. This rate
which will depend on the relative solubility of nitrogen or other inert

gas in the tissue as compared to blood, on the rate of blood perfusion

of the tissue and, apparently to a very minor degree, on the diffusibility

of the gas through the tissue (> o Taking solubility and perfusion

» it is obvious why poorly perfused adipose or fatty

» in which nitrogen has a high solubility,
so well,

factors into account

&
Tl support bubble growth

A favorable situation for bubbles also exists in poorly perfused
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tissues such as fibrous tissue, cartilage and bone.

The ultimate size which an expanding bubble can attain is determined
by the distensibility of the medium surrounding the bubble. Loose tissues
favor the growth of large bubbles, which are usually asymptomatic due
to the low deformation pressures associated with their growth. On the
other hand, tight tissues such as tendons and joint capsules limit growth
of bubbles. Such bubbles reach maximum sizes rather quickly and are
associated with high tissue deformation pressures which, by triggering
of pain responses and reflex vasospasm, disrupting tissues, and com-
promising tissue blood flow, are apparently responsible for many of

the manifestations of decompression sickness.

Roth (8L} has assessed the role which various inert gases might play
in determining the rate of pressure or volume rise of a bubble and,
therefore, in determining the risks of decompression sickness. Such
an evaluation is quite pertinent to the selection of suitable spacecraft
atmospheres. It also assists in the determination of appropriate mea-
sures which an astronaut might take in an operational situation, prior
to and while decompressing from an atmosphere containing an inert
gas, in order to prevent the occurrence of decompression sickness.
Helium, neon and nitrogen appear to be the most suitable gases to consider
for use in spacecraft cabin atmospheres. In the light of both his theoretical
predictions and available empirical data, Roth concluded in essence that:

-theory and empirical data indicate that the potential
incidence of the minor manifestations of decom-
pression sickness after decompression from an
atmosphere containing helium probably does not
differ from that after decompression from an
atmosphere containing nitrogen, assuming that

the inert gas and oxygen compositions are similar
in both atmospheres. Neon might be somewhat
more favorable than either helium or nitrogen in
reducing this incidence.

-theory indicates more striking differences between
the various inert gases as far as the potential inci-
dence of the major manifestations of decompression
sickness is concerned. Although the potential inci-
dence of '""chokes'" should be about equal for nitrogen
and helium, the potential incidence of cardiovascular

6l



and neurologic manifestations should be much less
for helium than for nitrogen. Roth notejd, ‘however,
that evidence from diving experiments indicates a
‘less distinct difference between these gases. On
theoretical grounds, neon should yield the lowest
incidence of these manifestations of decompression

sickness.
-empirical data in this area is greatly needed.

Clinical Manifestations
The clinical manifestations of decompression sickness experienced
by an astronaut would be similar to those of decompression sickness at
altitude described by Adler (L, 2), Clamann (20), Ferris and Engel (36),
Kern (59), Luft (64), Gribble (44), Roth (81), and Mclver (70). Ref-

erence is made to many clinical reports of cases of decompression sick-
LG e e e O, O O, P02 - 87 The

q (& 10,

ness at altitude
pathologic findings in fatal cases have also been well documente
18, gb, 4. Sco.fe 76). Reference is also made to differences in the

clinical manifestations of decompression sickness between aviators and

divers (44, 47, 59).

Decompression sickness occurs in aviators after an ascent from
ground level conditions of about 760 mm Hg (14. 7 psia) to ambient atmos-
pheric pressures of apparently always less than about 380 mm Hg (7.3
psia, 18,000 ft.), and usually less than 320 mm Hg (6. 2 psia, 22,000
fto) (39, 59, 81). It should be‘ noted that the latent period, rate and peak
frequency of clinical manifestations of decompression sickness appearing
after ascent are primarily functions of altitude and physical activity.
Theoretical predictions of Nims {75} were substantiated by Anthony
and co-workers (4) who observed that even under the most predisposing
circumstances, signs and symptoms of decompression sickness may
not appear for at least 5 to 10 minutes after a decompression event.
Their rate of onset was found to increase to a peak in about 20 to 40

minutes, and then to decline practically to zero 2 hours after decompres-

sion. It is interesting to note that the clinical manifestations of decom-

ressi i
P on sickness have been found to appear sooner when helium as opposed
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to nitrogen is the diluent gas in the pre-decompression atmosphere (6).

It should be noted, however, that this observation was made in short
term experiments so that some nitrogen might have remained in
tissues from the original air exposure to conbribute to the production
of '""helium 'bends' ',

The marked influence which physical activity has on the rate of
appearance of clinical manifestations of decompression sickness
deserves emphasis here, especially in the light of the fact that
extravehicular operations in space will be associated with strenuous
physical activity. This relationship was studied intensively by Henry

1 :
o1 who published data presented graphically in Figure 4. 1.

100 T L) 1 v T T T T
L 2 TIMES STANDAE_D_____,_.—-—-— =
EXERCISE

STANDARD EXERCISE
L

/ m‘mo
60 _—|  exercise

lmral |

0 /
L
3

80

[N

CUMULATIVE INCIDENCE OF SYMPTOMS - %
L

1 1 1 1 1 L 1l

0 60 90 120
DURATION OF EXPOSURE TO ALTITUDE - min

0
0

Figure 4.1 Effect of physical activity on
appearance of clinical manifes-
tations of decompression sick-
ness at 38, 000 feet. Standard
exercise was 10 step-ups onto
a2 9 inch stool in 30 seconds,
repeated every 5 minutes.

(74))

(After Henry el redrawn for Bioastronautics Data Book

The clinical manifestations of decompression sickness in aviators

fall into four categories - "pends'", "chokes', skin manifestations, and
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11Bends"!
el

atory manife stations.

neurocircul

; inica anifestati
nBends" is the term used for most common clinical manife ions

of decompression sickness. It is characterized by musculoskeletal

ich is usually described as a deep,
n severity from mild dis-

discomfort wh poorly localized, waxing

1, gnawing pain which ranges i

and waning, dul
"Bends'' pain usually begins in the peri-

comfort to excruciating agony.

articular tissues, and then radiates distally along the bone shaft. Reflex

weakness of the involved limb commonly occurs. 1"Bends' can be some-

what relieved by relaxing or applying pressure over the painful area.

It may even gradually subside in intensity if the afflicted individual is

able to "'sit it out''. However, the increased risk of other more serious

manifestations of decompression sickness occurring if a decompression
exposure is prolonged must be kept in mind.

"Bends' are prone to occur in the joints that are involved in motion,
especially the knees, ankles, shoulders, wrists, and elbows. Instances
of "bends' pain in the sternum, ribs, cranium, and vertebrae have also
been reported (L, 2). The popular notion that "bends' is prone to occur
at sites of previous injury has not been substantiated A 42). Notably,
it is rare for this symptom to appear after 90 minutes exposure to altitude.
Practical inflight experience has demonstrated that exposure to cold
makes one more likely to devélop decompression sickness, especially
"bends'.

X-ray findings of bubbles and the clinical pictures presented by ;
(16,

individuals suffering from "bends' have in general correlated poorly

36).

Bubbles with and without associated symptoms have been seen on
x-ray in synovial spaces of joints, in bursae, and in vaginal sheaths of

(12, 36, 84)

tendons They have apparently also been seen in fascial

planes and connective tissue spaces in muscles, and in tissue spaces

around blood vessels (55, 83).

Crepitation has also been felt along tendon
sheaths in which gas bubbles were visualized by x-ray (36). X-ray
studies in animals have indicated that some of the thin radiolucent lines

and more diffuse areas which have been attributed to extravascular bubbles
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may actually be long, cylindrically-shaped intravascular bubbles (18).

The presence of bubbles in veins leading from exercising muscles also
suggests that intravascular bubbles at muscular insertions could be a
cause of ""bends" o g 46).

It is a well known fact that on descent, '"bends'" almost invariably
disappears completely. Of interest is the recent observation that
"nitrogen 'bends''" were relieved at somewhat lower pressures than

(6)

findings to return, thus indicating that the bubbles are compressed but

""heliums ‘bends' =l Immediate reascent causes crepitus and x-ray

their contained gases are not completely redissolved until some time

(30, 36)-

after descent As the time period between exposures to decom-

pression events lengthens, the time of onset and the progression of

(83)

""bends'' pain are slowed Re-exposure after 24 hours '"on the ground"

is apparently not accompanied by an increased "bends' susceptibility

(59).

over that seen regularly Twinges of pain may occasionally be ex-

perienced in the affected part up to 5 days post-exposure. In very rare

instances, signs and symptoms of mild inflammation may develop in

the affected part and reach a peak intensity 12 to 36 hours post-exposure.
The marked influence which physical activity has on the occurrence

of "bends'" deserves further comment. It is noted that straining exercise

is not only a factor in the location of '"bends', but also a very important

factor in influencing the incidence of "bends'' and the speed it develops

once altitude is reached e 43). By the same token, strenuous physical

activity has been shown to lower the altitude threshold for this manifes-

tation by several thousand feet (@0 37). For example, such activity

was found to increase the total number of ""bends' incidents and shift

the ratio of light to severe ""bends' from 38, 000 feet (155 mm Hg or

3.0 psia) to 28, 000 feet (247 mm Hg or 4. 8 psia) (20). Increasing the

frequency of exercise may decrease this threshold still further.

Although the mechanism whereby muscular activity intensified the

incidence and severity of these manifestations is still controversial,

as mentioned previously, elevated local partial pressures of carbon

dioxide and large mechanically induced negative pressures associated with
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on appear to be the major contributors to this intensificatiop,

muscular acti

""Chokes"
"Chokes'' is the next most common clinical manifestation of decom-

pression sickness. It usually occurs after a longer exposure to altitude
than that required for "hends''. '""Chokes'' is an alarming peculiar form
of substernal distress, characterized by chest pain, cough and respira-
tory distress, all of which are aggravated by deep inspiration or cough-
ing. The appearance of this symptom complex is usually heralded by
an inspiratory, substernal burning pain which is relieved by deep
inspiration. This pain gradually increases in severity and is experienced
during all phases of respiration. Paroxysms of non-productive coughing
commence and become more and more frequent. Breathing becomes
difficult and the affected individual experiences a sense of suffocation
and apprehension. In late stages, cyanosis, syncope and '"'shock! can
occur. The clinical manifestations of ''chokes'' are ameliorated by
descent, but can persist for several hours depending on the period
of time they are suffered at altitude. During this period, deep breath-
ing can cause a recrudescence of symptoms.

Strangely, a fiery red mucosal lining in the pharynx and larynx
if often seen in cases of '"chokes'. This sign can persist for many
hours after descent. Auscultation, x-rays and electrocardiograms
have never shown any very specific abnormalities in '"chokes'. Right
heart dilatation has been seen in x-rays taken during '"chokes" (16).
Rales and x-ray findings of pulmonary congestion have been observed
for a few hours after descent (59).

""Chokes' is currently thought to be due to a reflex phenomenon
arising from irritation of the pulmonary tissues by gas emboli which

obstruct blood flow through Pulmonary arterioles and capillaries (81).
Animal studies have supported this view (48, 63, 70, 72). In such

studies, marked bubble formation on the venous side of the circulation
following a decompression event was found to be associated with a rapid
shallow respiration and pulmonary hypertension. Although quite variable,
the clinical syndrome resulting from the intravenous injection of air in
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humans often resembles ""chokes" (81). As will be discussed below,

the possibility that fat emboli from disrupted adipose tissue can lodge

in the pulmonary vessels, and so play a role in producing 'chokes',

remains controversial.

Skin Manifestations
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The skin manifestations of decompression sickness are mild,

usually occurring only after a relatively prolonged exposure to a decom-

pression event

more serious manifestations of decompression sickness.

(36)

They may occur in conjunction with or presage

It is notable

that about 10 percent of those cases progressing to circulatory collapse

present previous skin manifestations

(81)

tations have been described.

1

A subjective cold sensation can be experienced
during decompression. This sensation may or
may not be due to decompression per se.

Tiny intracutaneous gas blebs can appear and
produce an intense itching sensation which is
usually referred to as '"creeps'. Prickling
and burning sensations are also commonly
associated with these blebs, which might in
fact be gases trapped in the glands of the
skin (81).

Subcutaneous emphysema rarely occurs. It
is usually found on the forearms and thighs,
where it can produce moderate pain and
tenderness. Crepitus can be felt and gas
can be seen on x-ray.

Actual skin lesions can occur. These lesions
appear most frequently in individuals who are
for some reason susceptible to '"chokes''.
They are usually found on the chest, shoulders,
and abdomen. A lesion first develops in a
small skin area, then spreads out irregularly
in all directions. In early stages it has a
pale, mottled, cyanotic appearance. Later
its center becomes erythematous and warm.
Mild to moderate pain may occur at this stage;
crepitus has not been found (81). During des-
cent, this skin lesion becomes diffusely red
and hot, and usually disappears about 3 to 5
minutes after descent. Four to 6 hours later,
the lesion area again becomes tender. This

Four types of skin manifes-
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delayed response is maximal at 24 to 3.6 hours

after descent, and can be associated with sub-
cutaneous edema which may persist for several

daysii-; is probable that gas emboli in skin blood

vessels is the cause of this clinical manifestation

of decompression sickness. The mot.tled cyanotic
appearance of the involved skin area is apparently

due to the dilatation of superficial venules and
capillaries adjacent to areas of severe vasocon-
striction (81). This phenomenon can even result

in petechial hemorrhages from damaged capillaries.
Although subcutaneous fat is a source of these emboli,
it has been suggested that emboli from this and other
sources reach the cutaneous vessels at altitude by
passing from the venous to the arterial side of the
circulation through the large pulmonary arteriovenous
shunts and in rare instances, through a patent foramen
ovale (18). However, there is the possibility that gas
emboli also-form within the arterial system (81).

Neurocirculatory Manifestations

The cardiovascular and neurologic manifestations of decompression

sickness have usually been described under this heading (L p2: 710, 14 8

& 81). This is no doubt due to the fact that these manifestations
often occur together and are the most serious, variable, poorly under-
stood, rarely occurring manifestations of this syndrome.

Malette and co-workers {95) separated cases suffering from neuro-
circulatory manifestations of decompression sickness into two clinical
categories. In one category, the signs and symptoms of disturbed
cardiovascular function predominated. In the other, those of disturbed
neurologic function predominated. At opposite ends of the scale were
cases with only cardiovascular or with only neurologic manifestations.
Between these extremes were various mixtures, with the clinical findings
of the one or other category predominating. It is of interest to note that
when these cases were arranged in this manner, no fatalities occurred
in the group whose manifestations were only neurological 149, 65). On
the other hand, when cardiovascular disturbances were part of the

clinical picture, a very significant mortality rate existed.

i A fall in systemic arterial blood pressure, often accompanied by a

marke
paniec
persp
episol
ZoePe
press
ness,
medic
lar to
altitu
such
tetan:
Light
cyanc
is ra:

I
by de
howe
lator
occul
this ¢
majo
seve:

any g

ness

be th
sync
plan:
into
ches
card
tion

and



les.

1boli,
ther

2nous
ramen
t gas

ompression
10, 14,5568
estations

rly under-

'Om neuro-
o clinical
1irbed
disturbed
ale were
>stations.
ical findings
Lo note that

occurred
65). On

f the

:nied by a

marked bradycardia can occur at altitude. This reaction can be accom-
panied by the usual symptoms of arterial hypotension, such as pallor,
perspiration, faintness and loss of consciousness. Hypotensive
episodes reportedly occur in about 10 percent of severe '"bends' and

25 percent of '"chokes!' cases, and can also be associated with decom-
pression effects which are not usually classified as decompression sick-
ness, such as gastrointestinal distension, aerosinusitis and aerotitis

i, 20

media It should be noted that certain signs and symptoms simi-

lar to those due to, but not associated with hypotension, can occur at

altitude (36, 59).

Hyperventilation is associated with manifestations
such as paresthesias, lightheadedness, reduction in consciousness and
tetany. Manifestations of acute hypoxia have been outlined in Chapter 1.
Lightheadedness can be associated with the paroxysms of coughing and
cyanosis due to '"chokes'. In such a case, actual loss of consciousness
is rare.

Hypotensive episodes at altitude are usually relieved immediately

by descent or within 30 minutes thereafter (59, 81).

Quite rarely,
however, hypotension persists to a varying degree. In this case circu-
latory collapse, or the so-called delayed ""shock' syndrome, frequently

occurs in less than one hour to several hours after descent. Notably,

this syndrome is most likely to appear in individuals who have experienced

major manifestations of decompression sickness at altitude, especially
severe ''"chokes'. However it has arisen on rare occasions without

any premonitory or minimal signs or symptoms of decompression sick-
ness having occurred at altitude (81).

It appears that any one or more of a number of mechanisms might
be the cause of hypotension at altitude. In all probability, the simple
syncopal,or vasovagal reaction is the commonest mechanism. An ex-
planation of the cause of syncope associated with '"chokes' must take
into account various factors, such as reflex bradycardia induced by the
chest pain or by gas or other emboli in the pulmonary circulation,
cardiac insufficiency due to extensive blockage of the pulmonary circula-
tion by these emboli, and the peripheral vasodilatory effects of hypoxia

and secondary hypercarbia which can occur with '"chokes'. Cases of
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n associated with frank cardiac distur-

syncope at Jltitude have bee

es such as coronary occl
(8 )' A bubble or bubbles entering the coronary

b usion paroxysrnal auricular fibrillation
anc

and bundle branch block

jal system might well have been the cause of death in one of the

(80)

arter
reported by Robie and co-workers .

of decompression sickness

it is conceivable that vasode

cases
pressor syncope might result

Finally,

n autonomic imbalance caused by embolic damage of the central

from a
nervous system.
The delayed nghock' syndrome is cha

into the extravascular compartment,
It has been shown in recent

racterized by a marked loss

- of plasma 1 especially in the form

y edema and pleural effusion.

of pulmonar
iments and assumed in the numerous human cases of the

animal experi

delayed "shock syndrome cited above that death from hypovolemic

r unless measures are taken immediately to supplement

24
the diminishing blood volume ta )

ghock! can occu
The basic mechanisms under-

lying this syndrome are, however, an enigma. The fact that it has been
effectively treated by hyperbaric recompression supports the view that
the shock is secondary to a scattering of air emboli throughout the body
(10, 13, 21, 31, 32, 81). As mentioned previously, bubbles formed

in tissues at altitude might conceivably cross over from the venous to
the arterial side of the circulation while an individual is at altitude.
However, it is possible that this phenomenon would more likely occur
during and after descent, when the bubbles have been made smaller.
The probable routes of bubble passage are considered to be both well
defined, anatomically normal shunts such as pulmonary arteriovenous
anastomoses, bronchovenous shunts and large pleural capillaries, and
pathologic shunts such as a patent foramen ovale
This cross-over concept becomes even more plausible when one takes
into consideration the fact that high pulmonary arterial, and hence

right heart pressures which can result from embolic blockage of the
pulmonary circulation, would tend to drive bubbles through these shunts.
It is also thought that bubbles can also be formed on the arterial side

of the circulation (81)_

The question arises as to why ""shock'' characteristically appears
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some time after descent. As mentioned above, decrease in bubble size
by descent may favor bubble cross-over. It has also been suggested that
as a bubble gets smaller, it is more apt to migrate distally beyond
collateral circulation points, and so produce ischemia (81). As well,
one must remember that decompression bubbles can persist for many
hours before they are absorbed completely (22, 46). These bubbles
would then exert their damaging effects on blood vessels for some time,
so that the clinical onset of ""shock'' from loss of plasma sufficient to
produce this manifestation would be justifiably delayed. Finally, it
should be noted that the marked loss of intravascular fluid into the
lungs and pleural "space' might be due to the fact that the lungs act

as a filter for emboli, and hence would be more likely to suffer more
embolic damage than would be expected in other tissues.

The reason for the increased capillary permeability in the delayed
""shock' syndrome is as yet to be defined. It is probable that tissue
hypoxia from vessel blockage and irritative vasopasm induced by
bubbles renders capillaries hyperpermeable. Since heparin appears
to confer some protection on animals undergoing decompression, it has
been suggested that bubbles promote platelet clumping, agglutination
of erythrocytes and formation of plasma flocculates which lead to vas-

(Bl 61). Blockage of vessels by thrombi could

cular thromboses
then enhance the damaging effect of bubbles. In contrast to this success
with heparin, however, a similar series of experiments failed to demon-
strate any protective action of another anticoagulant, bishydroxy-
coumarin (41). One explanation for this difference in findings is the
possibility that heparin exerts its major protective effect though its
antiproteolytic activity, which would tend to diminish the vasodilatory
and injurious effects of the breakdown products of hypoxic tissues on
vessel walls (5). Another explanation centers on the observation that
partially depolymerized hyaluronic acid (PDHA) has also had a protec-
tive action in decompressed animals. Interestingly, both heparin and

(41)

of this are discussed below. Finally, it has been thought possible that

PDHA have lipemia-clearing activity The possible implications

biologically-active substances such as bradykinin, histamine, and sero-
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tonin might be triggered in ti

blood flow, and SO participate t
nghock'' syndrome but also of other manifestations of

(27, 60)

o some extent in the production not only

of the delayed
decompression sickness

A not infrequent finding in fatal cases of decompression sickness

c fat emboli in the small arterial

(47,

has been the presence of microscopl

vessels and capillaries throughout the body, especially in the lungs

65, 76, 80). These emboli have also been demonstrated in animal

decompression experiments (19, 22, 23). The source and role of

in the etiology of the delayed ''shock™ syndrome remains

these emboli
sl has postulated that the high concentration of

(81). Murray

lipids associated with '"shock'!, severe illness and

unclear
total circulating

trauma is due to the mobilization and subsequent aggr egation of fat

from body fat depots through increased activity of a hypothalamic ''fat
center'. After finding more cholesterol in fat emboli than in depot

fat in decompressed animals, LeQuire and co-workers (62) suggested
that fat emboli of decompression sickness form primarily within the
circulatory system as the result of physiochemical alterations induced
by products of tissue damage and "shock", rather than by entering the
circulatory system from fat depots disrupted by decompression bubbles.
Further support for an intravascular aggregation of fat in decompression
sickness has been given by the observations that heparin and PDHA,
both of which have fat-clearing activity, confer significant protection

(41)

on animals undergoing decompression
In contrast to the views expressed above, Whiteley Lo could find
no experimental evidence which would lend support for an intravascular
aggregation of fat in decompression sickness. He postulated that fat
enters the circulation at the site of tissue injury and that an injury itself
can somehow modify the vascular bed, making it more sensitive to intra-

79)

= .
vascular fat. Rait has outlined a specific mechanism for the release

of fat emboli from tissues into the circulation in decompression sickness:
The presence of both fat emboli and a fatty liver in many of the fatal
cases of decompression sickness studied suggested to him that a causal

relationship existed between these findings. It appeared that a fatty liver
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t a fatty liver

under decompression ideally fulfills the three requirements, stated by

Harris (45), for fat embolism to occur. Firstly, a fatty liver contains
a free, fluid, readily mobilizable fat. Secondly, the liver is essentially
indistensible, so that intrahepatic tissue pressures higher than the
hepatic venous pressure can develop as bubbles form in fatty hepatic
cells. Thirdly, the liver possesses patent veins with open ends which
do not collapse (sinusoidal system). Rait also noted that the presence
of bone marrow emboli and, in some cases, fat emboli in fatalities
from decompression sickness might also be explained by applying this
mechanism to the bone marrow. Finally, he supported his fatty liver
concept by pointing out that dietary management directed at reducing
the prevalence of fatty liver in the Royal Australian Air Force has
apparently accounted for the low incidence of the delayed "shock!
syndrome in this group.

Intravascular fat could produce hypoxic tissue damage by inter-
fering with blood flow. It could also hydrolyse into free fatty acids
which would damage capillary endothelium, and so render it hyper-
permeable. It is thought that the means by which fat emboli cross
over from the venous to the arterial side of the circulation would be
the same as that described above for bubbles, and that the lungs would
again bear the brunt of embolic damage due to their filtering action.
Also of interest is the fact that the circulatory collapse due to traumatic
fat embolism is also a delayed phenomenon, if death does not occur
immediately due to acute right ventricular failure secondary to
blockage of pulmonary blood flow. This delay has been attributed to
the time required for sufficient fatty acids to be released and sub-
sequently exert their damaging effects (78).

Finally it should be pointed out that recent animal studies of Henn

(49)

and Wunsche might have shed some light on the roles of bubble

and fat emboli in producing the delayed '""shock! syndrome of decom-
pression sickness. These investigators suggested that the time of ascent
to altitude was critical in determining the type of emboli produced.

Roth (en) has summarized the data from their experiments, which indi-
cated that there might be both altitude and rate thresholds for the pro-
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Further investigation of this phenomenon is indicated.

The neurologic manifestations of decompression sickness are

59 :
usually of a highly diversified but focal nature ( . As pointed out

above, they are frequently associated with other manifestations of

decompression sickness. Those that develop at altitude are usually
(20)

20
transitory, lasting minutes to a few hours after descent + Tthey
; 8
can also appear at any time up to 12 hours after descent from altitude ( l),

The most common neurologic manifestation is a homonomous, scintillat-

=T 8 A :
ing scotoma with sparing of central vision ( 7). Other possible signs

and symptoms include various hemipareses, monopareses, focal or
generalized convulsions, aphasias, sensory disturbances and sensorial

clouding 0,2 12 81). It is noted that such important signs as im-

pairment of judgment and inability to assess the true nature of the sit-
uation can be pronounced (71). Such manifestations can vary considerably
before a stabilized clinical picture is established.

The disappela.rance‘of neurologic manifestations of decompression
sickness is frequently followed by an intense throbbing headache on the
side which is contralateral to the neurologic lesion. This headache
has been occasionally experienced, however, without an antecedent

(59)

neurologic event This headache is often associated with nausea,
vomiting, prostration, photophobia, and increased pain on head move-
ment. It usually lasts from one to 12 hours in duration.

Those neurologic manifestations with a delayed onset can take

(20)

neurologic sequelae of decompression sickness in aviators have been
(9, 20, 44, 59)

up to several weeks to disappear Reported cases of permanent

exceptionally rare, in contrast to such cases in divers

The electroencephalogram of individuals suffering from neurologic
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manifestations of decompression sickness usually shows irregular slow

(81). It shows no

waves at foci corresponding to neurologic findings
abnormalities in those suffering from the headache described above,
however.

It should be noted that the neurologic manifestations of decompression
sickness do have to be distinguished from other neurologic signs and
symptoms which can also occur at altitude. A convulsion can result
from cerebral hypoxia accompanying a hypotensive episode or from

(59)

a hypoxic exposure Weakness of an extremity simulating a
neurologic lesion can be seen with ""bends'. As well, neurologic signs
and symptoms can be caused by hypocapnia associated with hyperventila-
tion.

The neurologic manifestations of decompression sickness are generally
thought to be caused by focal hypoxia of brain tissue, not only from a
blockage of blood flow, but also from local vasospasm induced by vas-

(1, 90). There is also the possibility that

cular irritation by bubbles
such manifestations might be caused by bubbles forming in cerebral
veins and tissues. Interestingly, the incidence of spontaneous migraine
is apparently higher in those individuals who develop a scotoma and
headache associated with decompression sickness at altitude; similar
electroencephalographic findings have been recorded in both instances
5o o 68), This would lead one to speculate that bubbles might be
preferentially generated at a turbulent site in the cerebral arterial tree,
and hence tend to lodge in the same area of the occipital cortex after
each altitude exposure (81). Otherwise, the various mechanisms
postulated for delayed ""shock' syndrome have also been applied to the
neurologic manifestations of decompression sickness. It is interesting
to speculate that fat emboli might be the cause of at least some delayed
neurologic manifestations, especially those which require a prolonged

period for recovery or leave permanent sequelae.

Diagnosis
For the purpose of diagnosis,the requirement for thorough familiarity

with the numerous recorded cases (2, 9, 10, 17, 18, 21, 26, 31, 38, 34,

15
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or symptom which appear
situation should be presumed
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1d obviously be the rel

to be a manifestation of decompression

e supporting the occurrence of this

sickness.
ief or alteration of signs and symp-

syndrome wou

toms by recompression.

rom a diagnostic standpoint are a detailed history,

Most important it

nation and subsequent close observation of an

thorough physical exami

astronaut who has experience
nchokes'', syncope and neurologic signs and

d manifestations of decompression sickness

such as severe hends',

while in 2 decompression situation, especially if signs and

symptoms
ist for some time after recompression. As noted above,

symptoms pers
frequently preceded by such manifesta-

the delayed "'shock" syndrome 18

tions. Cardiovascular function should be monitored by repeatedly record-

ing both pulse rate and systemic arterial blood pressure. Frequent

recording of the hematocrit, if possible in space, should be undertaken

to diagnose plasma loss. An electrocardiogram might be indicated if

embolic myocardial damage is suspected. As mentioned previously,

focal neurologic involvement in decompression sickness is usually

associated with typical electroencephalographic abnormalities over

the involved brain area.

Prevention

1f an astronaut could be exposed for operational reasons or in an
emergency to an ambient pressure at which decompression sickness can
occur, the risk of this condition developing can be lessened by several
means. Most apropos to the space situation is the selection of a suitable
pressure and inert gas composition of the atmo sphere from which and
to which an astronaut can have a safe, rapid decompression. Another
measure which would be feasible to undertake in space is preoxygenation-

The use of pure oxygen atmospheres in space would be the ideal
preventive measure for decompression sickness. However, as Roth (eR

pointed out in his recent assessment of atmospheres which have been
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3

have been

suggested for use in space, risks of fire and oxygen toxicity in particular
mitigate against the use of pure oxygen as a spacecraft cabin atmosphere.
On theoretical and empirical grounds, he predicted the risks of decom-
pression sickness which would be present if an astronaut, who had been
equilibrated with various 50 percent inert gas-oxygen mixtures in a
spacecraft cabin at 7.0 psia (354 mm Hg) atmospheric pressure, is
decompressed. He noted that rapid decompression from such an
atmosphere, containing nitrogen as its inert gas, to a space suit at-
mosphere containing 100 percent oxygen at 3.5 psia (179 mm Hg)

would be associated with a marked reduction in both the frequency and
severity of '"bends', as compared to a similar decompression from air
at 14. 7 psia (760 mm Hg). He predicted that the incidence of ""bends"

in a physically fit astronaut in equilibrium with such an atmosphere
should be less than 7 percent if moderate exercise is performed, as
was essentially the finding in human experiments (g 29), and much
less than one percent during piloting operations or while an astronaut

is at rest. These values were about three times those predicted for
decompression to 100 percent oxygenat 5.0 psia (258 mm Hg). Con-
sidering the risk of decompression sickness associated with other inert
gases, Roth predicted that helium might be associated with a greater
""bends' frequency than nitrogen. This appears to have been substan-
tiated by recent experiments, which also showed that ""helium 'bends'"
appeared sooner than ""nitrogen 'bends' " (6, 58). Finally, Roth noted
that there is theoretical evidence supporting neon as producing a much
lower incidence of neurocirculatory manifestations, ''chokes'!, and
even '""bends' than either nitrogen or helium. Others have arrived at

(6)

similar conclusions using slightly different physical models

Preoxygenation, or the continuous breathing of 100 percent oxygen
for a period of time before decompression can be highly effective in
5 : : (65200 282 BB N6 6 F G =8 1)
preventing decompression sickness ;
Since this procedure must allow tissues which desaturate slowly to
reach a ""safe!" level of dissolved nitrogen or other inert gas, the duration

of preoxygenation is the major factor in determining its success. Even
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reoxygenation before decompression,

if an astronaut has a short period of p

the risk of suffering from decompression sickness will diminish. As
i f decom ression before signs and symptoms of de-
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compression sick
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genation .

plish an adequate preoxy
s for astronauts have also been suggested by

Preoxygenation T ule

Roth (81) in his detailed assessment of this area. He recommended a

three hours preoxygenation time for astro-

minimum of two or possibly
2ir at 14.7 psia (760 mm Hg) to equili-

nauts who have been breathing

brate to the level of total body nitrogen in a 50 percent nitrogen-oxygen

mixture in a spacecraft cabin at 7.0 psia (364 mm Hg) atmospheric

He predicted that without pr eoxygenation,
th this atmosphere. Whether

pressure. it would take an

astronaut about 8 hours to equilibrate wi

preoxygenation should be carried out prior to decompressions from a

50 percent inert gas-oxXygen mixture in a spacecraft cabin at 7.0
psia (364 mm Hg) atmospheric pressure to 100 percent oxygen at 358
psia (179 mm Hg) space suit atmosphere remains debatable, however,
especially in the light of the low risk and mild clinical manifestations

anticipated from such decompres sions. When carried out for one-half

hour in recent simulations of these space atmosphere exposures, this
measure was quite effective in preventing "nitrogen 'bends' ' but
apparently was not effective in preventing "helium 'bends' ", although

the symptoms of ""helium 'bends' " had more of a tendency to disappear
spontaneously when decompression exposures were continued 5t
should be pointed out that these were short-term experiments, SO that
some nitrogen might have remained in tissues from the original air

exposure, to contribute to the production of "helium 'bends' ! following
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Finally, it should be pointed out that an astronaut who experiences
any manifestation of decompression sickness should be restricted, if

possible, from being decompressed for at least 24 hours.

Treatment

Once a presumptive diagnosis of decompression sickness has been
made, an afflicted astronaut should be recompressed as soon as possible
to at least the atmospheric pressure with which he was equilibrated be-
fore decompression. ""Bends' will in most instances completely dis-
appear on recompression. If not, local pressure and massage over
the involved joint areas may bring some relief. '"Chokes' symptoms
should be ameliorated, but might persist or recrudesce on deep breath-
ing up to several hours after recompression. During this period, a
suitable analgesic might be required for the relief of such symptoms.

It does not appear to have been established whether the breathing of
100 percent oxygen is of greater value than the breathing of other gas
mixtures in the relief of "chokes' symptoms.

The major aspects of the treatment of decompression sickness
center on its cardiovascular and neurologic manifestations. The fact
that little is known about the specific pathophysiologic mechanisms
involved in producing these manifestations should be kept in mind.
Accordingly, therapeutic measures suggested here may be inadequate

as compared to those which might be used in the future.

Hyperbaric recompression has been used in aviation and diving
with remarkable success in the treatment primarily of the delayed
""'shock! syndrome and the neurologic manifestations of decompression
sickness, but also of ""bends' and '"'chokes' not relieved by descent
(10, 13, 17, 21, 31, 40). It is apparent that in order to be maximally
effective, this measure must be commenced as soon as possible after

its requirement is recognized. In the past, United States Air Force
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both rational and em
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for this are summarized in Table 4. 1.

perience justifies the use of such a profile for the treatment not only

of manifestations of decompression sickness, but also possibly of

other air embolic phenomena, the weight penalty

a recompression facility into space may be markedly diminished.
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It is pointed out that if ex-

associated with taking

Characteristics

Standard Navy Treatment Tables

:1

3 ATM. ABS. Oxygen Table

Maximal
Pressure
Applied

Time of
Exposure
At Maximal
Pressure

Indications
to Begin
Ascent

Pressure-time
Ascent
Pattern

Respired
Air

An amount of compression in excess of that
needed for relief; limited by: Diminishing
efficiency of added pressure to reduce
bubble size; nitrogen narcosis; air density;
heat of compression; risk of decompression
sickness.

Pain unrelieved after 30 min. at depth not
likely to be bends pain; symptoms persist-
ing after 2 hr. probably herald residual
tissue damage.

Expiration of 30 min. period or 30 min.
plus time to relief on Table 4 of Standard
Navy Table.

Decompression to 60 ft. rapid, limited
by decompression sickness risk; stage
ascent pattern with rapid pressure
changes; 30 ft/12 hr. stage prevents
new bends.

Usually compressed air deeper than 60
ft.; gradient for N, elimination post-
poned until O, stops; O, needed to
prevent bends in Table ffattendants.

Limited by pressure-time aspects of 0z
toxicity risk and undefined retinal
risk; Maximal bubble-ambient gradien
for inert gas; Maximal efficiency of
collateral circulation potential to supply
compromised tissue foci.

Not established; at least 1.5-2 hr. ;
Oxygen toxicity protection from inter-
spersed air-breathing periods being
investigated for man.

Establish that remission is complete]
Remain an additional arbitrary period
unless ended by O, exposure concein:

No risk of decompression sickness fron
treatment, slow pressure changes of
continuous ascent maximize inert-gas
elimination gradient and least disturb
bubble nuclei, or cavitation-prone
turbulent streams.

O, primarily, to supply tissues harmed
by occlusive bubble emboli, to assist

inert-gas elimination from bubbles; no
required to avoid bends from the treat-

ment.

Table 4.1 Summary of recompression method characteristics and

(After Goodman

their theoretical bases.

(40))

The question is raised as to whether or not to recommend the instal-
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the instal-

lation of a recompression facility on board future spacecraft for the treat-
ment of decompression sickness, air-embolic phenomena associated

with meteoroid penetration (Chapter 12), explosive decompression
(Chapter 3), and the ebullism syndrome (Chapter 2). Assuming that
suitable spacecraft cabin atmospheres will be selected, current pre-
dictions fortunately indicate that the probability of serious manifestations
of decompression sickness occurring during space operations will be

extremely low (8l ).

It is also thought that other unforeseen events which
could result in serious manifestations due to bubble emboli are poten-
tially rare. Therefore, in the light of the predicted rarity of serious
clinical problems due to bubble embolic phenomena in space, transport-
ing a recompression chamber into space does not appear justified at

the present time. However, it is considered possible that in the future,
recompression facilities such as reinforced, appropriately equipped

air locks which offer a minimum weight penalty might be placed in
spacecraft, and space, lunar and planetary stations when large-scale

extravehicular operations are to be carried out and significant risks

of such problems occurring are anticipated.

Any plasma loss associated with decompression sickness must be
immediately replaced, using either plasma or another suitable plasma-
expanding agent such as dextran. A vasopressor or intravenous saline
solution would be inappropriate for treating impending or manifest
""shock!'', but should be used until a plasma-expanding agent is made
available or if such an agent is not available. The volume of plasma
requiring replacement might be determined by calculating the static
plasma deficit. If pulmonary edema is part of the clinical picture, it
would be wise to administer a plasma-expanding agent slowly to avoid
aggravation of this condition. Successful therapy of plasma loss is
indicated by the level and stability of the pulse rate and systemic arterial
pressure, by repeated determination of the hematocrit and by a steady
urine output of at least 30 ml per hour.

The question arises as to whether or not mannitol or another

suitable osmotic diuretic should be administered in conjunction with a
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plasma- expanding agent to an astronaut who su
syndrome. AS pointed out in Chapter L, mannito
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reatment of post—hypoxic cerebral edema. There-

factors, and for the t
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astronaut who progresses to the "'shock" stage of the delayed ''shock!

syndrome. Also conceivable is the possibility that mannitol might be

used effectively to reduce and pos sibly reverse the diffuse extravasation

of plasma which is characteristic of this syndrome. By the same token,

mannitol might even be an effective form of treatment for the neurologic

manifestations of decompres sion by reducing the focal embolic brain

edema which presumably accounts for such manifestations. It must be

pointed out, however, that the possible usefulness of this or any other

therapeutic agent in the therapy of decompression sickness remains

to be established.

Total body hypothermia has apparently been effective in the treat-
ment of the neurologic manifestations of decompres sion sickness (35).
As was pointed out in Chapter 1, hypothermia reduces tissue oxygen
demand, assists in the control of cerebral edema, and controls the
hyperpyrexia so often as sociated with severe brain damage. Although
hypothermia might be a valuable therapeutic measure for neurologic
manifestations and perhaps the delayed ""shock' syndrome of decompressio
sickness, rendering an afflicted astronaut hypothermic might be impos-
sible to accomplish in space in the foreseeable future. It is conceivable,
however, that adequate total body cooling might be attained with a space
suit water-cooled garment. Recommended hypothermic levels are given
in Chapter 1. Suppression of shivering would be possible with chlorpro-

mazine.

Most authorities have recommended that 100 percent oxygen at
ground level ambient atmospheric pressure be administered as indicated
to cases suffering from the delayed " ;

shock"
(I 3182 =55y J OIS syndrome of decompression

sick
ickness It has been suggested, however, that the cere-
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that the cereé-

bral vasoconstrictor effect of a high partial pressure of oxygen might
in fact seriously compromise blood flow to brain tissue which has al-
ready been rendered ischemic by a combination of embolic blockage
of blood flow and reflex irritative vasospasm (20 90). Because of its
potent cerebral vasodilating action, 3.5 percent carbon dioxide has
been added to high oxygen atmospheres, but the greater effectiveness
of such gas mixtures over 100 percent oxygen in the treatment of the
delayed '"shock' syndrome, or even the neurologic manifestations of

(90).

decompression sickness, remains to be proven Moreover, it
should be remembered that currently proposed spacecraft cabin atmos-
pheric pressures will not provide oxygen at a partial pressure which
can significantly reduce cerebral blood flow. This would even be the

case if an intravehicular astronaut is pressurized in his space suit.

Other therapeutic measures should be carried out as dictated by
the particular case of decompression sickness. The intravenous admin-
istration of a rapid-acting cardiac glycoside, such as digoxin, might
be considered if there is evidence of embolic myocardial damage or
right heart strain secondary to embolic blockage of pulmonary blood
flow or pulmonary edema. A sedative,such as phenobarbital, might be
required to control an agitated astronaut. If an osmotic diuretic has
been used, an electrolyte solution might be given intravenously to
replace fluid and electrolytes, which are characteristically lost in
excess as a result of osmotic therapy. Intravenous feeding might
also be required. A clear airway must be insured by whatever means

possible.

Finally, it should be mentioned that the potential usefulness of
heparin in the treatment of decompression sickness remains to be
determined. Whether or not this drug provided beneficial effects in
animal decompression experiments through its anticoagulant, pro-
teolytic or lipemia-clearing activity remains unanswered. The solution
of this problem may lead not only to a better understanding of the basic

mechanisms underlying the serious manifestations of decompression
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