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CHAPTER 5

AEROTITIS MEDIA AND AEROSINUSITIS

Aerotitis media and aerosinusitis are well known, occasionally in-
capacitating medical problems which result usually from an elevation
of the ambient atmospheric pressure. Their occurrence during routine
operations in space is considered unlikely; any cases will probably be
attributed to certain predisposing factors. Since there has been a vast
amount of detailed writing in this area, the discussion which follows
will be brief, citing major works and presenting information which

is pertinent only to missions in space.

Aerotitis Media
The generally accepted definition of aerotitis media was originally
stated by Armstrong and Heim (2) as: "an acute or chronic traumatic
inflammation of the middle ear caused by a pressure differential be-
tween the air in the tympanic cavity and that of the surrounding atmos-
phere'. The non-infectious character of this condition must be empha-
sized, for only in very rare instances is infection a secondary compli-

e (L4 w25 o2 855005, 39).

Pathophysiology

An astronaut might fail or be unable to open voluntarily one or both
Eustachian tubes and so provide adequate middle ear ventilation during a
recompression in space. Pressure in the middle ear might then become
sufficiently negative relative to that of the ambient atmosphere to traumatize
tissues surrounding this "semi-rigid" cavity. For all practical purposes,
positive pressure differentials, even during "explosive' decompressions
in space, should not be great enough to produce damage, prov'ttiledlt‘éha;”
astronauts' Eustachian tubes have reasonably normal patency "’ : 3

The anatomy and physiology of the Eustachian tube has been dis-
cussed in detail by many authors Wbt el 32).

this discussion is the fact that the tube has a flutter valve action which

Pertinent to
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pharynx info the middle ear

opposes the passage of air from the n2s0

cavity unless the tube is ope
;shed voluntarily by

ned by contraction of its dilator muscles.

various acts such as swallow-

This must be accompl
ing, yawning grinding m aw or the Valsalva
impossible for these muscles to over-

maneuver. It is apparently 1r
come a negative pressure differential of more than 80 to 20 mm Hg.

ovements of the lower J
(1, 2)

Either failure or inability of an astronaut to open the Eustachian

tube during recompressions in Sp2ce might occur under a variety of

circumstances. A rapid recompression may not allow sufficient time
or he might be too pr eoccupied to perf

maneuver. Notably, maximum negative pressur
from the present space suit

orm an adequate equalizing

e differentials develop-

ed in the middle ear on recompressions

atmospheric pressure of 3.7 psia (121 mm Hg) to possible spacecraft

cabin atmospheric pressures of either 5.0 psia (259 mm Hg) or 7.0
psia (362 mm Hg) will be such that the astronaut should be only able

to equalize immediately after recompression to 5 psia. Rapid emer-
gency recompression modes which follow large decompres sions of
either space suit or spacecraft cabin might also lead to excessive
negative pressure differentials. Inability to perform the highly effective
Valsalva maneuver while in a2 "closed” space suit will undoubtedly be
a factor predisposing to middle ear trauma from rapid suit or suit

to cabin recompressions. Finally one should keep in mind that an un-
conscious astronzut and probably most semi-conscious astronauts will
be incapable of equalizing.

The question arises as to whether 2 common cold or any other non-
specific acute or chronic upper respiratory infection predisposes to
aerotitis media. Such a condition might produce inflammatory swell-
ing, especially in and around an otherwise normal Eustachian tube,
sufficient to impair tubal function. A positive correlation between the
incidence of aerotitis media and both the size of the adenoid and the
presence of lymphoid tissue has been noted, but the magnitude of this
relationship did not allow accurate prediction in individual cases (31).
'.l‘he role of infection could not be separated from that of lymphoid tissue
in obstruction of the Eustachian tube (ME). Extensive studies on
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flying and diving personnel have failed to reveal a significant correlation

between the incidence of aerotitis media and upper respiratory
infections i 26 1% 33). Another study even added the number of
individuals excused from altitude chamber operations because of
severe upper respiratory infection to the number who suffered from
aerotitis media, but still failed to establish a definite relationship (33).
The possibility that an astronaut might experience increased difficulty
in ventilating his middle ears if his nasopharynx becomes inflamed
cznnot be denied, however. Accordingly, an upper respiratory infec-
tion might predispose to 2erotitis media under certain circumstances
in space, such as a rapid recompression or inability of an astronaut

to perform the Valsalva maneuver during recompression.

So-called "secondary" or '""delayed" aerotitis media can be caused
by the absorption of oxygen from the middle ear; increase of the at-
= = (1, 4, 14, 27, 38)
mospheric pressure per se does not play a2 causative role -
It usually appears in aviators who have breathed oxygen during descent

and have failed to ventilate their middle ears adequately after descent,

metabolically active tissues of the middle ear. Clinical manifestations
due to development of negative pressure in the middle ear usuzally
appear some 2 to 6 hours after descent, in most cases while asleep
during which the frequency of swallowing, and therefore of equalizing

is reduced (l). Also of note is the fact that the absorption of oxygen =

can aggravate aerotitis media caused by an atmospheric pressure change -
Astronauts will undoubtedly run a risk of developing "delayed" aero-

titis media after being recompressed in 100 percent oxygen from a space

suit atmospheric pressure of 3.7 psia (191 mm Hg) to 2 spacecraft cabin

atmosphere containing 50 percent nitrogen and 50 percent oxygen at

a total pressure of 7.0 psia (362 mm Hg). The risk following suit

recompression to a 100 percent oxygen atmosphere at 5.0 psia (259 mm

Hg) should be essentially no different than that for continuous exposure

to such 2 cabin environment. It has been shown that the continuous”
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absorption of oxygen from the middle e

waural atelectasis' if no signs of aerotitis media are present) while

s atmosphere 18 sufficiently r
12,15 ok Sl
. qualizing maneuvers

Jiving in thi apid to cause discomfort
1V1IL

after a period of several hours of sleep

were successful, so that "delayed" aerotitis media did not develop.

Prolonged exposures to oxygen atmospheres at other pressures have

presented 2 similar picture (19, 20). Therefore, even though aural

atelectasis commonly occurs in pure oxygen atmospheres, it appears

from experience to date that there may be only 2 remote risk of

serious "delayed" aerotitis media from exposure to such atmospheres

during space missions.

The probable sequence of events responsible for producing the
clinical picture of aerotitis media has been determined from animal

experiments (75 4% ). The pathologic changes in the middle ear appear

to be primarily vascular in nature, for some degree of hyperemia is
nearly always present both in the tympanic membrane and in the mucosa
of the middle ear. Mucosal edema and hemorrhage may occur singly
or together, the hemorrhagic areas varying from tiny petechiae to large,

(14)

confluent areas These effects are probably caused by a combina-
tion of factors attributable to negative pressure. These factors include
vasodilatation sufficient to produce a temporary vascular paralysis,

a stagnation of tissue blood flow, imbalance of osmotic and hydrostatic
forces between vessel and tissue fluids, a disruption of overdistended
small vessels and the tearing apart of mucosal and fibrous tissue
layers. As this condition progresses, a non-inflammatory sterile fluid
transudate appears in the middle ear cavity; there may even be gross

(30, 36 : 2
hemorrhage ). Since fluid and blood are space filling, the

negative pressure differential decreases and consequently the progression

of pathologic changes is arrested. Although the transudate and blood

in the middle ear cavity are usually completely reabsorbed, blood in middle

ear tissues can organize and hence possibly lead to some degree of
permanent hearing loss.

It has been reported that at about a 200 mm Hg negative pressure
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differential, the tympanic membrane may disrupt (1), However this
event apparently occurs at this level of pressure only in individuals
with previous tympanic membrane disease, so that the critical
pressure of a normal tympanic membrane might be considerably
higher (1, 28). Although negative pressure differentials sufficient to
produce disruption will probably not be attainable during the space
suit to spacecraft cabin recompressions in space discussed above,

it is apparent that such pressures might be reached during large

emergency recompressions of either the space suit or spacecraft

cabin.

Clinical Manifestations

Aerotitis media may be acute or chronic, unilateral or bilateral
and mild or severe, depending on the degree and frequency of pressure
differential insults on the ear. The incidence of monaural or binaural
involvement is often about equal, although in monaural cases, signs
of trauma from negative pressure are usually noted in the other

(15,::16)

asymptomatic ear The clinical manifestations of acute

aerotitis media may begin during or immediately following recom-
(1)

pressions Symptoms of ''delayed'' aerotitis media usually appear

some 2 to 6 hours after recompression while breathing oxygen.

The negative pressure which develops in the middle ear during
recompression produces discomfort in the involved ear, then pain
which may radiate to the temporal region, cheek, and parotid gland
on the affected side (1). The pain occurs usually when the pressure
differential reaches 100 mm Hg and is usually stabbing in character;(l)
it can begin gradually or suddenly and vary from mild to unbearable " .
Its intensity does not necessarily parallel objective findings, for
afflicted individuals have complained of severe pain and yet on exami-
nation were found to have no changes indicating the presence of aerotitis
media (34). Conversely, slight or even no pain has been reported in
instances of tympanic membrane disruption (23). Pain is usually

relieved on early ventilation of a mildly traumatized middle ear.
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y a sense of soreness in the ear and

More severe trauma i8S followed b
sharp pain caus ed by movement of the inflamed tympanic

an occasional
Disruption of the tympanic membrane is accompanied

membrane
jercing pain, 2 loud "explosive report' which is felt and

by & sharp P
associated vertigo and nausea may persist

heard in the affected ear;

for many hours. With disruption, acute pain quickly subsides, but

a2 dull ache may remain for up to 2 days.
st frequent complaint of individuals

Partial deafness 18 the mo
(e 2 27). A conduction type of

suffering from aerotitis media

hearing loss of up to 15 to 30 decibels can per sist from a few hours

to many days in duration, depending mainly on such factors as the

degree of immobilization of the tympanic membrane by a per sisting

pressure differential and by edema and blood which accumulates in |

mbrane, and whether a fluid transudate or blood accumulates L

the me
(110, LS, 31) |

in the middle ear cavity
This loss may be fairly uniform for the various frequencies

or may in certain individuals affect principally the lower or the i

higher frequencies (1, 27). In general, hearing for the lower frequen-

cies seems to be depressed first, and as more fluid is drawn into
the middle ear cavity, the high frequencies become more and more

&l .

effected ( ). It is noted that permanent perceptive type of deafness
may rarely occur, presumably due to labyrinthine hemorrhage (10).
There are always temporary sensations of ''fullnes s'" and "'stuffi-

: : 21

ness" in an involved ear { ). These symptoms are often accompanied
14 - ’

( ). Tinnitus occurs infr equently.

(18)

by a feeling of fluid in the ear
Vertigo is also uncommon, when present, it is usually unilateral

Bubbling sounds may be heard on blowing the nose, swallowing or

(27)

yaWDiEe _ Another symptom which occasionally appears is autophony;

in which the individual's own voice and breathing sounds unusually

oo dhorhin B

A 2
he appearance of the tympanic membrane in aerotitis media

ft
o b‘aﬁ;)mt always correlates with symptoms of this condition fairly
cl o :

osely . A classification of progressive pathologic changes
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visualized on otoscopy has been advanced by Teed (34), and is some-

what altered here to correspond with the excellent account of otoscopic

: 1 .
findings presented by Armstrong ( ). It is noted that the tympanic

membrane may or may not be retracted at the time of otoscopic
examination.

Grade 1 - injection of the blood vessels running
over the pars flaccida and along the handle of the
malleus. At a more advanced stage, there is
erythema of the upper and posterior portion of
the tympanic membrane.

Grade 2 - redness of the entire tympanic membrane
and adjacent portions of the external auditory canal.
The tympanic membrane develops a translucent
appearance, and small droplets of fluid may be
seen on its medial surface.

Grade 3 - gross fluid and bubbles in the middle ear;
this may be temporarily concealed by congestion
and edema of the tympanic membrane.

Grade 4 - hemorrhage into the substance of the
tympanic membrane and/or into the middle ear;

this may be temporarily concealed by congestion

of the tympanic membrane. If it occurs, a traumatic
rupture of the tympanic membrane will usually be
linear, quite extensive, and may involve any portion
of this structure; the margins of a fresh rupture are
red, the whole tympanic membrane is intensely
inflamed and there is usually a small amount of
blood in the external auditory canal.

Acute aerotitis media has generally a good prognosis, provided
that treatment is adequate and sufficient time is allowed for complete
recovery (14). The recovery period may vary from a few hours to 3
or 4 weeks in duration. Both the rapidity with which treatment is
initiated following exposure and the type of treatment employed may
affect the prognosis. As mentioned above, middle ear infection is a
very uncommon complication of acute aerotitis media.

Finally, it should be pointed out that repeated insults(lon ;271;3
middle ear can lead to a chronic form of aerotitis media "’ .- This

is probably caused by a partial stenosis of the Eustachian tube prevent-

ing adequate pressure equalization (1). Symptoms are aggravated by
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e continuous feelings of "fullness"

repeated recompression, and includ
and "'stuffines S occasionally tinnitus, and rarely pain in the
affected ear. Whether hearing acuity is diminished in this condition
is not known, but it has been observed that atmospheric pressure
njury to both the middle

ucing permanent i

changes are capable of prod S
(L, ). Signs of chronic

iddle ear

less and slightly thickened
(1)

ad cochlea portion of the m

s media include a dull, luster

ear a

aerotiti

tympanic membrane, and & diminished or absent light reflex

Diagnosis
History of recompression exposure and the associated appearance

of symptoms and otoscopic findings discussed above usually make the

diagnosis of aerotitis media easy. Asymptomatic injection of vessels

in the tympanic membrane can appear in as sociation with upper

respiratory tract disease, after performing the Valsalva maneuver

and in 50 percent of all individuals exposed to large
(1, 33). the presence of only Grade 1 changes

rapid recom-

pressions However,

and the absence of symptoms in these situations should allow differen-

tial diagnosis.
Prevention

Normal upper respiratory passages,

tubes, and a proven capability to equalize during reasonably rapid

middle ears and Eustachian

recompressions by the simple maneuvers, such as swallowing, yawn-
ing, or grinding movements of the lower jaw, are prerequisites for
astronaut selection. It is important to note again that the astronauts
are unable to perform the Valsalva maneuver while in a ''closed"

space suit.

If difficulty with equalization occurs during recompression from

a space suit to spacecraft cabin atmospheric pressure, adequate volun-

tary control might be attained by decompressing to a pressure which
provides relief, then by recompressing more slowly. However, in
an emergency recompression, an astronaut who cannot equalize will

have to suffer the consequences of having a negative pressure develop
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An astronaut with an upper respiratory infection should if possible
avoid decompression-recompression operations. As noted above,
an inflammatory reaction in and around the Eustachian tube might
predispose to difficulty in ventilating the middle ear, especially if
he is unable to perform the Valsalva maneuver. Prophylactic ad-
ministration of a topical or oral decongestant agent to be mentioned
below might be considered. Even though this procedure was un-
successful in two large scale studies, more potent and specific drugs

are presently available tek, 31).

This area therefore requires further
study.

""Delayed'" aerotitis media after recompression to an atmosphere
containing an inert gas can be prevented by ventilating the middle ear,
especially if a sleep period is soon to follow. Armstrong (1) suggests
that adequate ventilation can be accomplished by performing about
six reverse Valsalva maneuvers (taking a mouthful of water, holding
the nostrils closed and swallowing). If there is a risk of "delayed"
aerotitis media from living in a 100 percent oxygen environment,
no preventive measures can be suggested other than short sleep
periods, periodic equalization (even though no requirement might
be felt), and optimum hydration to promote adequate salivation and

thus frequent Eustachian tube opening through swallowing.

Treatment

The majority of cases of acute aerotitis media in aviators are
mild, requiring either no therapy or minimum conservative therapy
s L 27). This should not be taken to mean, however, that a similar
situation will always exist in space, for failure of highly experienced
astronauts to equalize will probably in most instances result from the
predisposing events discussed above, and could lead to serious cases

of aerotitis media unless negative pressure differentials are im-

mediately equalized.

Relief of negative pressure in the middle ear may be attempted
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including that in around

first by shrinking the nasal mucous membrane,
a suitable yvasoconstrictor or decon-

the Eustachian tube orifice, with
such as 1/1000 epinephrine,
The Valsalva maneuver should

tant spray or oral preparation, such
gestan ,

as pseudoephedrine or triprolidine.

then be perforrned again. If this attempt at equalization fails, inflation
of the Eustachian tube might be tried wi

th a technique which uses air

delivered at 2 controlled positive pressure, if such is available in
space, according to the same principles as politzeriza.tion
The control valve should be set initially to deliver a pressure of 20 mm Hg
jcient to provide relief, this pressure can be raised

and if this is not suff
(14)

by 5 or 10 mm Hg increments

yringotomy should be performed only in cases

Paracentesis or m
which fail to respond to methods of vasoconstriction and inflation.

They are highly skilled procedures which demand extreme care to

avoid implanting infectious organisms into a culture medium which

would otherwise remain sterile Cleansing and sterilization of the

external auditory canal and tympanic membrane might be accomplished

with an antiseptic agent such as hexachlorophene on a cotton-tipped

Local anesthesia is ineffective.
ansudate or blood from the middle

applicator. Paracentesis is the

procedure of choice. Aspiration of tr

ear cavity should be carried out when indicated, for it appears to hasten

recovery and may prevent the formation of adhesions with subsequent

permanent hearing impairment L Laslie 36). If only parucentesis is
to be performed, a short-bevel 22 gauge needle might suffice. If
aspiration is indicated, a double-barreled paracentesis needle, which
allows a compensatory passage of air into the middle ear while fluid is
being withdrawn, should be used (29). Myringotomy might be performed
with a larger needle or a myringotomy knife.
of a systemic antibiotic might be indicated following either of these
procedures.

Catheterization of the Eustachian tube is not a recommended pPro-
cedure to be attempted in space. The most important objection to

it is the great possibility of producing serious permanent damage to

102

(14, 21, 22, 20/

The prophylactic administrd

the f

or s

infe

less
decc

unti.

prot
this

a pr
betw
atm:

freq

sinu
an o
bloc
conr
effe
Pres
sect
a ne
prev
tion

no d



n around

decon-
1, such
nould
inflation
es air

e in

21, 22

of 20 mm Hg

n be raised

n cases
tion.

re to

which

ion of the
omplished
tipped

5 the

the middle
rs to hasten
1bsequent
centesis is

s il

1le, which
ile fluid 1s

De performed
ctic adfninistrati

of these

ended pro-
-tion to

amage to

the tissues at the Eustachian orifice (9; 14, 27).

Other possible therapeutic requirements include a suitable analgesic '
or sedative for the control of pain, and an antibiotic for secondary

infection.

A ruptured tympanic membrane requires no specific treatment, un-
: : 1 ; : :
less secondary infection occurs ( ). Except in emergency situations,
decompression-recompression maneuvers should not be carried out

until healing is complete.

Aerosinusitis
As on Earth, the potential incidence of aerosinusitis in space will

(1, 6)

probably be much less than that of aerotitis media Therefore

this clinical entity will be discussed only briefly here.

Aerosinusitis is also acute or chronic inflammation caused by
a pressure differential, usually negative, but in this case existing
between a semi-rigid nasal cavity, or nasal sinus, and the ambient

(6)

atmosphere . Usually only one sinus is involved - the frontal most
frequently, then the maxillary sinus and rarely the ethmoid sinus 5 o 8).
The pathophysiologic mechanisms responsible for producing aero-
sinusitis have been elucidated by Campbell (5, 6). Aerosinusitis in
an otherwise normal nose is most commonly due to inflamed tissue
blocking a sinus ostium or, in the case of the frontal sinus, the duct
connecting the nasal cavity with the sinus. This tissue has a ball valve
effect in that air is allowed good exit into the sinus but poor entry during
pressure change. This effect is undoubtedly enhanced by viscous sticky
secretions in the area. The pathologic changes which can be produced by
a negative pressure differential in a sinus are similar to those described
previously for aerotitis media. Of note, however, is the fact that infec-
tion appears to be a common complication of aerosinusitis, in most cases

no doubt due to either an extension of the infection which caused the blockage,
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infection involving the nasal mucous membrane

on if partial stenosis of an ostium or duct exists.

Aerosinusitis as 2 consequence Of living in a 100 percent oxygen

onment has not been described, but is considered possible.

envir
Clinically, aerosinusitis is ch

suddenly and is usually loca
(1). Infection of a sinus may be

aracterized by per sistent pain which

often begins lized over the affected sinus

( 6). Lacrimation can occur
re throbbing pain,
ght follow severe trauma. to the sinus

accompanied by seve and possibly fever and general

malaise. Nasal bleeding mi
(5). On examination,
and redundant tissue and a purulent

mucous membrane local tenderness can often

be elicited over the affected sinus,

discharge might be seen about the sinus opening.

The most important measure preventing the oc
is obviously the selection of astronauts with normal

currence of aero-

sinusitis in space

nasal and sinus cavities and most particularly, adequate sinus open-

ings. Other preventive measures are those which were discussed

for "Aerotitis Media''.

The treatment of aerosinusitis is directed at the relief of the ob-

trol of pain and

G ERka)

struction with an appropriate decongestant, the con

the treatment of concurrent or secondary infection
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CHAPTER 6

HEAT DISORDERS, INCLUDING DEHYDRATION

disordered physio-

ders are clinical manifestations of
t load on the body.

The heat disor

logy resulting from the imposition of an excessive hea

The heat load may be either meta
The most likely cause of any heat disorder suffered in space is

adequacy OT failure of the temperature c
However, even

bolic or environmental heat, or both.

thought to be an in ontrol system
ring an extravehicular operation.

of a space suit du
1 systems currently being

with the highly effective temperature contro
developed for space suits, it is thought that there will still be a risk

] o 30
of a heat disorder occurring during future space misSions ( ).

This chapter very briefly discusses various aspects of th
nsidered pertinent to the space situation., Greater detail
excellent reviews of

(24), Minard and Copman (27), Webb 53] and other

e heat

disorders co

on these disorders can be obtained from the

Leithead and Lind

literature to be cited here.

Classification

The classification of the heat disorders presented by Leithead and

: 24) . :
Lind e is well oriented from a clinical standpoint. It outlines these

disorders in terms of cause, and points out that signs and symptoms
associated with the physiologic‘compensatory mechanisms are just as
much heat disorders as are the clinical manifestations caused by the
actual failure of thermoregulation. This classification follows:

1. The disorders which result from, and may
complicate the processes of thermoregulation:

a) Due to circulatory instability - heat syncope.

b) Due to water and electrolyte imbalance -
heat edema, water-depletion heat exhaustion,
salt-depletion heat exhaustion, heat cramps.

c) Due to skin changes - prickly heat, anhidrotic
heat exhaustion.

2. The disorders which result from failure of ther-
moregulation: heatstroke, heat hyperpyrexia.

- 3. The disorders which are characterized by apathy
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or fatigue, or deterioration in the performance
of skilled tasks without any evidence of the
entities listed above: acute heat fatigue.

It should be kept in mind that one or more of the above heat disorders
can be suffered at the same or different times, during or after exposure
to a heat load. Since many heat disorders share common clinical
manifestations, an accurate diagnosis in the absence of certain
laboratory measures might be difficult. Fortunately, however, most

of them respond rapidly to the same treatment.

Clinical Manifestations

Heat Syncope (Heat Collapse, Heat Prostration, Heat Exhaustion).

Heat syncope characteristically follows sudden exposure to a severe
heat load. Although some degree of water depletion may play a role in
its genesis, this syndrome has been attributed primarily to heat-induced
peripheral vasodilatation which leads to systemic arterial hypotension (33). )
The associated deficiency of cerebral blood flow might be indicated
at first by lightheadedness or dizziness. Acute fatigue, restlessness,
nausea and blurring of vision might also precede syncope, and may be
severe enough to render the afflicted individual incapable of undertaking
a life-saving action. Rectal temperature is usually not significantly
elevated, unless the individual who suffers heat syncope has been
exercising,

Heat syncope is more apt to occur in individuals who are unused to

heat or the combined stresses of heat and work (33).

It would probably
not be expected to occur in physically fit astronauts, especially if they are
repeatedly exposed to the range of thermal conditions expected in emer-
gency situations in space (33).

In the weightless environment, syncope provoked by a sudden postural
change should not occur. For this reason, syncope in this environment
will probably be a manifestation of a more serious circulatory impair-
ment than syncope while sitting or standing in the gravity environment.

As was pointed out in Chapter 10, both simulation studies to determine how

the body responds to weightlessness and experience to date in space indicate
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orthostatic tolerance on return to a gravity environment are discussed

in Chapter 10.

Heat Edema
This condition usually is a

Mild edema usually occurs in the feet.
ssure determines its production

trivial consequence of a prolonged expo-

sure to heat. Since the gravitational

component of intravascular hydrostatic pre

n on Earth, heat edema may not occur in space. However,

and distributio
arment cuffs around

it is possible that mild venous occlusion produced by g

e to heat edema, especially if an astronaut
This condition

extremities could predispos

must endure a heat load for a prolonged period of time.

conceivably might develop after prolonged extravehicular activities in a

gravity environme nt.

Water-Depletion Heat Exhaustion (Water-Deficiency Heat Exhaustion,
Dehydration).
Water-depletion heat exhaustion, more commonly referred to as

"dehydration', results from failure to replace body water, lost in this
case by sweating, through the inability to find or ensure an adequate intake
of fluids. A "space-oriented" review of pertinent literature in this area has
recently been completed by Webb (33) Other information can be obtained

from the major references cited in this chapter.
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Signs and symptoms of dehydration have been summarized in chart
form, as shown in Figure 6.1. It is important to note that such clinical
manifestations, especially fatigue, can appear quite suddenly and with
such severity as to lead to a serious decrement in task performance.
One must also keep in mind that,as military experience in hot climates
has shown, small amounts of dehydration can easily become cumulative
if continued day after day.

Of interest is the well known fact that men working in heat fail to
drink back water as fast as it is lost. Attempts to do so offen lead
to feelings of nausea and abdominal distension (33). This phenomenon,
referred to by various authors as "mild dehydration'', 'voluntary
dehydration', '"voluntary under-drinking', and "involuntary hypohydra-
tion'", can lead to water depletion which may amount to one to two
percent of the initial body weight (Lol 8,022, 33). Dehydration due
to voluntary under-drinking does not usually produce clinical manifes-
tations. However, a clinically overt disorder can result from a
sudden further demand placed on the body's water stores.

A connection between orthostatic intolerance and mild dehydration

has been established (1, 6).

As would be expected, a markedly
exaggerated orthostatic response is produced by a combination of
dehydration, mild elevation in body core temperature, and bed rest,

the latter supposedly producing the circulatory effects which can occur

in the weightless environment (Chapter 10). Again the potentially
disastrous effects of allowing such a combination of stresses to act on

an astronaut, especially in a gravity environment during a space mission,

are readily apparent.

Salt-Depletion Heat Exhaustion

This condition is due to the inadequate replacement of sodium chloride
lost usually in prolonged sweating. It may occur even if fluid replacement
is adequate.

Salt-depletion heat exhaustion is characterized mainly by fatigue.
However,other signs and symptoms which can appear are dizziness,

anorexia, nausea, vomiting, headache, mental confusion, muscle cramps,
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(NORMAL or—
WEIGHT)
= Thirst
2 Stronger thirst, vague discomfort and sense of oppression, 10ss of appetite.
Increasing hemoconcentra.tion.
= Economy of movement.
Lagging pace. flushed skin, impatience; in some, weariness and sleepiness, apathy;
nausea, emotional instability.
Tingling in arms, hands, and feet; heat oppression, stumbling, headache; fit men
Sle increases in body temperature, pulse rate and respiratory rate.

guffer heat exhaustion;

Labored breathing, dizziness, cyanosis.

= = Indistinct speech.
Cd
$ u;creas‘mg weakness, mental confusion.
B
E
g —
g' 1015 Spastic muscles; positive Romberg sign (inability to palance with eyes closed);
< general incapacity.
% Delirium and wakefulness; swollen tongue.
E Circulatory insufficiency; marked hemoconcentration and decreased blood volume;
% \_f_ailing renal function.
=
E.d
[+ 4
o
>
T
w
o
Shriveled skin; inability to swallow.
15—

Dim vision.
Sunken eyes; painful urination.
Deafness; numb skin; shriveled tongue.

Stiffened eyelids.

Cracked skin; cessation of urine formation.

20 r_ Bare survival limit

Death

Figure 6.1 Dehydration.

(After Webb (33)).
constipation or diarrhea. Severe cases can progress into "'shock', coma
and death. The urine in all but the late stages of this syndrome is of

reasonable volume, but contains negligible amounts of sodium chloride.
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The plasma sodium concentration is decreased.
In contrast to water-depletion heat exhaustion, this syndrome
characteristically tends to begin slowly, producing milder, more

(24)

chronic symptoms Recogniticn of salt-depletion heat exhaustion
is usually difficult, and hence its treatment tends to be delayed.

Water and salt-depletion heat exhaustion usually co-exist, the
one or other possibly predominating, but both requiring treatment (24).
Moreover, by specifically treating the one disorder, it is possible to
make the other manifest clinically. From the above considerations,
an astronaut with a presumably adequate dietary sodium intake will

more likely experience primarily water-depletion heat exhaustion.

Heat Cramps

Heat cramps are painful spasms of voluntary muscles. They are
usually associated with hard physical work in a hot environment. The
causative factor appears to be intracellular overhydration (24). This
can apparently result from either primary salt depletion or the replace-
ment of sweat losses with unsalted water. The cramps may occur during
or after exposure to a heavy work load. There are no prodromal symp-
toms. A typical cramp lasts about 30 seconds and then relaxes spontaneously.
It is noted that the pain and muscular spasm of a heat cramp could con-

ceivably be severe enough to incapacitate an astronaut temporarily.

Prickly Heat (Heat Rash, Miliaria)

This well known skin condition appears to result mainly from prolonged
wetting of skin by sweat, as in a hot humid environment. It is apparently
due to blockage of sweat gland ducts by keratin debris and edematous
epithelium (24). Associated symptoms can be annoying or be severe
enough to disable the afflicted individual.

Prickly heat characteristically commences as many small discrete
red papules on a mildly erythematous skin. These papules may develop
into tiny vesicles which contain a clear or milky fluid, each surrounded
by an erythematous area. In long-standing cases, the vesicles might

(19)

become secondarily infected, forming pustules . Hence, untreated
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nfected eczematous skin reaction,

prickly heat can progress into an 1

Prickly heat is particularly prone to develop in skin creases where

sweat collects and is poorly evaporated (e.g., axillae, front of elbows,

oins, back of knees), or in areas where clothing exerts pressure,

gr : : . .

prevents adequate sweat evaporation, or chafes the skin (e.g., waist,

sternum, back, shoulders, neck). It produces a sensation which is
L

y described as an intense prickling or tingling that comes on

usuall
in waves and is triggered by an increase in sweating, by a sudden
: 24 : :
movement or by contact with clothing ( ). Severe itching and burn-

ing sensations are also common. It is readily apparent that this

- : : .
condition could seriously impair an astronaut's performance by

producing sleep loss or severe distraction during critical work periods.

The question as to whether prickly heat could lower the threshold for

symptoms from radiation to skin in space (Chapter 11) remains to be

answered.
The occurrence of prickly heat will be highly unlikely in a com-

fortable "shirt-sleeves' spacecraft cabin environment. On the other

hand, it might conceivably result from prolonged operations in an

inadequately ventilated, excessively warm space suit,

Anhidrotic Heat Exhaustion

Anhidrotic heat exhaustion affects individuals who are usually expos
for several months to a hot climate (24). Hence this syndrome would
be most unlikely to occur in space.

This condition is characterized by the appearance of numerous dis-
crete vesicles, mainly in the skin of the trunk and proximal parts of the
limbs, and by diminished or absent sweating (anhidrosis) in the areas
covered by this rash. In anhidrotic heat exhaustion, there is not only
a decrease in sweat delivery to the skin surface due to sweat gland
blockage, but also a depression of sweat production. Vesicles in this
condition are.more deeply situated than, and may even co-exist with the

(24)

vesicles of prickly heat . There are usually no signs of dehydratiol

in spite of the fact that polyuria for an unknown reason occasionally

occurs (24).
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The major symptom accompanying anhidrotic heat exhaustion is

(24)

marked fatigue - Palpitation and a sensation of oppression on

exposure to heat are also experienced. Mild to moderate hyperthermia
(100 to 102° F) has been observed. These symptoms usually subside
rapidly on ceasing work and on exposure to a cool environment.
Recovery of sweating is slow and heat tolerance may remain below
normal for some time. As a rule, heatstroke does not follow, but

must be distinguished from anhidrotic heat exhaustion.

Heatstroke (Heat Apoplexy, Hyperthermia, Heat Hyperpyrexia)

Heatstroke is characterized by a total absence of sweating, a self-
perpetuating hyperthermia of usually 106° F or higher; and a severe
disturbance of consciousness and brain function. Without treatment,
this condition usually progresses on to death.

' Very little is known about heatstroke, for as one of the most urgent
of all medical emergencies, its immediate treatment has taken priority
over its clinical investigation. Since it is associated with a high
mortality, even when adequate cooling of an individual is carried out,
this serious heat disorder cannot be induced for experimental purposes
in man.

Heatstroke is not the usual response of man to extreme heat stress.
The more common consequences which have been described above are,
in contrast, characterized by continued sweating at reduced rates and
a moderate or no elevation of body temperature. In a space flight context,
there conceivably may be a situation where collapse results from combined
heat stress and circulatory insufficiency without a remarkable rise in

(33)

body temperature . In this situation, the astronaut might be unable

to take some life-saving action, so that if the heat stress continues,
serious or fatal heatstroke might develop.

The pathogenesis of heatstroke is unknown. The question as to how
much the decline in sweating is peripheral or central in origin remains to

(27)

be answered . Of note is the fact that the cessation of sweating and

hence of the most important mechanism of body heat dis sipation is permanent
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asures are undertaken to lower the body temperature,

unless heroic me

A prodromal period of up to 5 days may precede heatstroke.

Symptoms such as headache, dizziness, weakness, restlessness,

tachycardia, a feeling of oppressive heat,

24,33
muscle cramps and dyspnea may occur ( ). The prodrome appears

syncope, nausea, vomiting,

to belong to a category in which heat exhaustion with moderate hyper-
thermia is the underlying disorder. If this prodrome is recognized
and adequately treated, heatstroke is prevented. More often, however,
an individual has the prodromal period measured in minutes, especially
if exposed temporarily to a severe heat load. In fact he can be essen-
tially asymptomatic up to the moment he loses consciousness.
Cessation of sweating involving the entire body, including the face
and axillae, may be often noted immediately prior to the onset of
heatstroke. Other signs and symptoms in this critical period are a
flushed dry skin, an increase in the rate and depth of breathing, a
growing restlessness, an inability to fix attention on any task, and
frequently pallor around the eyes and lips (33).

The skin of an individual suffering from heatstroke is character-
istically hot, dry, and flushed. On occasion it becomes cyanotic.,
The body temperature tends to be highest in those cases with the
shortest prodromal period, thus indicating the potential seriousness
of this condition and the need for heroic emergency medical measures.
If the prodrome is prolonged, the temperature is usually less than
106° F. Central nervous signs and symptoms vary from mild con-
fusion to delerium, convulsions, and coma. A direct relationship
between the nervous manifestations and the degree and duration of
hyperthermia is apparently always evident. Breathing is rapid and deep.
Signs of "shock'] such as pallor, cyanosis, hypotension, 'thready"
pulse and oliguria, are not seen until heatstroke is far advanced.
This type of circulatory failure is considered to be predominantly peripher
in origin by Minard and Copman [27) and cardiac in origin (forward
heart failure) by Gold (16)- In spite of opposing views, however, treat-

ment should probably be intensively directed at both causes of failure

n :
as "'shock" usually heralds a rapid death. Except in those cases which
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are preceded by severe heat exhaustion, hemoconcentration and changes
in blood electrolytes are usually not seen in heatstroke. The state

of acid-base balance during heatstroke remains to be determined.

For a more detailed discussion of the clinical and pathologic findings

in heatstroke, reference is made to the studies of Malamud and co-

(2¢) and the review of Gottschalk and Thomas (17). Reference
is also made to the Army ?;clp)eriences with heatstroke in World War II,

workers

summarized by Schickele
An over-all mortality figure in the range of 15 to 25 percent in

heatstroke would seem to be a reasonable estimate from past data (2, 23),

although Leithead and Lind = give a figure of 20 to 50 percent

(average 35 percent). The majority of individuals who survive heat-

stroke usually recover (27).

Their body temperature usually remains
unstable from 3 to 21 days, so that a strong predisposition for recur-
rence of heatstroke or other heat disorders exists during this time.

A small percentage of individuals are chronically disabled to some
degree by neurological lesions which most commonly involve the cere-
bellum (Eﬁ' , ataxia or motor incoordination, and dysarthria). Mental
disturbances may range from those detected only by a special examina-

(23)

tion, to a complete change in personality or actual dementia

Heat Hyperpyrexia

Heat hyperpyrexia is a term used in the classification of heat dis-
orders by Leithead and Lind J22) to refer to a condition which differs
from heatstroke in that the individual is still conscious and rational,
and sweating is still present. The rectal temperature is usually above
105° F, but tends to be lower than in heatstroke. According to this
definition, heat hyperpyrexia could conceivably represent either a form
of heat exhaustion with hyperthermaia, the prodrome of heatstroke, or
a condition of hyperthermia following severe exercise. It is, therefore,

a vague term which if not defined more specifically, might best be discarded.

Acute Heat Fatigue

A decrement in the performance of skilled mental and physical tasks
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tends to occur in unusually hot environments. The reason for this
en

has not been given. It is not associated with any of the clinical mani-
festations listed above. The degree of impairment is influenced by

such factors as motivation, type of task, degree of acclimatization

to heat and physical condition. Many different kinds of performance

can be affected, including those which depend principally on perceptual
activities, on thought processes of differing compl(e;:}i)ty, and on sen-
sorimotor coordinations of response mechanisms . This problem

is not considered to require treatment other than a reduction of environ-
mental temperature to a tolerable level. For further detail on this prob-

5 24
lem, reference is made to Leithead and Lind ( ).

Diagnosis

For the most part, the diagnosis of most heat disorders in space
will be obvious from the history and physical examination of an affected
astronaut. Special laboratory procedures such as determinations of
serum and urine sodium concentrations, even if possible in space,
should not be required unless the signs and symptoms force consideration
of a differential diagnosis. Information concerning past fluid intake
and urine output might prove valuable, particularly in the diagnosis of
a disorder which begins slowly. Rectal temperature readings would
be preferable, but oral readings might suffice. For features diagnostic
of the various heat disorders, reference is made to the preceding brief

discussions of those disorders and to the references cited.

Prevention
The question arises as to whether or not an astronaut should be
acclimatized to heat in anticipation of a possible exposure to an excessive
heat load in space. Of great value in assessing the feasibility of this
measure are the numerous writings cited in the following brief discussion
of this area,
Acclimatization to heat is a qualitative and loosely used term referring

to a complex Physiologic response to an increased heat load. This res-

o poves thermoregulatory processes, so that the potential harmful
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effects of a heat load on the body are minimized and hence optimum
body functioning is maintained. In spite of intensive investigation,
the basic mechanism underlying acclimatization to heat has not been
defined. Numerous studies have shown that with repeated exposures
to an increased heat load, the thermal threshold for sweating and the

concentration of salt in the sweat progressively decrease, and the

maximum sweat rate progressively increases (Lot mi il 13’ B 20

25, 2 34). Concomitantly, the elevation of skin and rectal tem-

peratures and the pulse rate during an exposure, and the expenditure
of energy for a given work load become progressively less. Other

physiologic parameters measured during the acclimatization process

have been discussed by Leithead and Lind (24), Bass (3), Robinson (28),

and Fox and co-workers: (2, 15). The end result of acclimatization to
heat is the loss of the characteristic subjective discomfort, lassitude,
and impaired ability to work which affect the exposed, unacclimatized
individual. As well, acclimatization markedly reduces the incidence
of heat disorders.

Evidence is conclusive that this acclimatization process with its

many physiologic variables behaves in many ways like a single physiologic

(29)

response., Robinson and co-workers clearly demonstrated the

effectiveness of combining hard work with heat exposure to produce
rapid acclimatization. The following characteristics of heat acclimatiza-

tion, as presented by Bass (3), have been supported by many investiga-
i (4,5, 11, 25, 28y 29534

Heat acclimatization begins with the first
exposure to heat, progresses rapidly
and is usually well developed in 5 to 9 days.

It can be induced by short, intermittent
work periods in the heat lasting at least

two hours daily. The general pattern of
acclimatization is the same for short,
severe exertion as for moderate work of
longer duration. Inactivity in the heat
usually produces only slight acclimatization.

Subjects in good physical condition usually
acclimatize more rapidly and are usually
capable of doing more work in the heat.
Good physical condition, however, does not
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in itself confer acclimatization.

The ability to perform "maximal' work

in the heat is attained quickly by progress-
ively increasing the work load within the
capacity of the individual.

Acclimatization to severe conditions will
facilitate performance at lesser conditions
and provide '""partial'’ acclimatization to
more severe conditions.,

Inadequate water and salt replacement
can retard the acclimatization process.

Acclimatization to heat is well retained
during periods of no exposure for about 2
weeks. Thereafter, it is lost at a rate
which varies among individuals. The major
portion is lost within 1 to 2 months. Main-
tenance of optimum physical condition pro-
motes the best retention of acclimatization.

Is it practical to attempt prophylactic acclimatization of an astronaut
to heat in order that he might better handle an unanticipated high heat
load in space? Since the major portion of this acclimatization appears
to be lost within 1 to 2 months, it would seem impractical to carry
out this measure prior to a mission of this duration. On the other hand,
it is conceivable that acclimatization to heat, and so the optimum use
of sweating as a thermoregulatory response, could be maintained in
space by subjecting an astronaut to repeated high work (exercise) loads
in a warm environment such as an inadequately cooled space suit. This
view has been supported by the reports of Blouckley (7), Roth (50 and
Webb (33). If such training were carried out, an astronaut would be

prepared to take full advantage of a gas ventilating system during an

extravehicular mission, Other advantages to acclimatization to heat would

include a lessening of the susceptibility to circulatory insufficiency in
situations involving some degree of heat load (33). It is of interest to

14
note that Fox and co-workers { )s have reported success in acclimatizing

individuals to heat by artificially elevating the body temperature. The
role of physical condition in determining both the ability of an unacclimatized
astronaut to handle a high heat load and the duration of retention of

fté:glimatization must also be considered,
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The requirement for acclimatization to heat will be greatly influenced

by future evaluations of the risks of inadequacy or failure of temperature
control systems under various conditions which might result in the
exposure of an astronaut to a high heat load. Therefore, it appears

that the practicability of acclimatization to heat will depend on a con-
tinued evaluation of risk. This will in turn depend for the most part

on the reliability data from the future development and testing of

temperature control systems,and on the type and duration of the mission.

Other preventive measures are readily apparent, for all must be
taken to prevent heat disorders, whether on Earth or in space. The
main measures include an adequate salt and water intake, and adequately
functioning spacecraft cabin and space suit temperature control systems.
Ideally, serious dehydration should be prevented by taking small amounts
of water during the time the water loss is high. Drinking large amounts
of water may produce diuresis with a net loss of body water (21). As
well, gastric distress and even vomiting - a very serious hazard in
the weightless environment (Chapter 8) - may be provoked. If heat-
stroke is suffered by an astronaut, he should not perform activity
which could result in a heat load being forced upon him for at least 2
to 3 weeks.

Finally, it should be remembered that singly or combined, a loss
of acclimatization, a decrement in physical condition, and a decrease
in circulating blood volume on return to a gravity environment or due
to voluntary under-drinking in space are factors which could seriously
increase the susceptibility of an astronaut to heat stress and should,
therefore, always be brought into consideration when the setting of

normal and emergency tolerance limits-to heat loads in space.

Treatment

The treatment of heat disorders has been discussed in detail by
(27) (8,297 32

With the exception of heatstroke, all heat disorders which could

Leithead and Lind (24), Minard and Copman , and others

53)

occur in space should be cured rapidly and completely if adequately treated.
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Based on well established principles, treatment will usually include

a period of rest in a cool environment and the replacement of depleted

body salt and water. Rarely might it be necessary to use special

measures to lower the body temperature or to treat '"'shock''.

Heat syncope on Earth usually responds rapidly on exposing the
afflicted individual to a cool environment. However, if heat syncope
occurs in space it should be assumed that since there is no postural
hypotensive effect in the weightless environment, the syncope has
been contributed to by a decrease in blood volume due to one or more
related or unrelated causes, such as voluntary under-drinking, ex-
cessive sweating, inactivity or weightlessness per se. This might
mean that syncope in an astronaut exposed to a heat load should be con-
sidered a possibly serious "shock' state which should be treated
intensively with intravenous fluids, a vasopressor and oxygen if the

astronaut does not respond rapidly to a cool environment.

Water and salt-depletion heat exhaustion and heat cramps should
all be treated in the same manner. As previously pointed out, both
water and salt-depletion will probably co-exist, so that the specific
treatment of the one disorder could make the other disorder manifest
clinically. Therefore, assuming that the kidneys can selectively handle
either excess water or sodium chloride, salted water should be admin-
istered for both water and salt- depletion heat exhaustion. Usually 0, 1 4o
0.2 percent salt in water given orally suffices. However, if an astronaut
is vomiting or seriously depleted, isotonic saline should be given intra-
venously, Salt tablets of any form are not indicated, for they dissolve

too slowly and are very prone to cause gastrointestinal upset. An

afflicted astronaut should rest in a comfortable cool environment.

Rarely, special cooling measures discussed below might be required.

Both prickly heat and anhidrotic heat exhaustion respond well to con-
tinuous exposure to a dry, cool environment.
must be worn,

Dry non-irritant clothing

Washing with an antiseptic soap, such as hexachlorophene
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will help to prevent or control secondary skin infection. If well estab-
lished, a skin infection might require treatment with a suitable local

or systemic broad spectrum antibiotic.

Heatstroke is a medical emergency requiring immediate "heroic"
treatment. The body core temperature of an afflicted astronaut must
be decreased as quickly as possible to 102° F. An acute lowering of
body temperature below 102° F can apparently lead to a cardiac
arrhythmias, and should, therefore, be avoided (32). The practicability
of various body temperature-lowering methods for use in space should
be investigated. Evaporative cooling, accomplished by passing dry
air over moist clothing might be possible in the space cabin. More
practical, however, might be the use of a space suit liquid cooling
garment. In this case, the vasoconstrictive effect of cold, especially
on skin vessels, will be an important factor in considering an optimum
coolant temperature. It is also noted that the effect of surface cooling
is usually markedly enhanced by vigorous skin massage. The admin-
istration of cold fluids orally should also be considered for cases
which are able to ingest these fluids. At the present time, chlor-
promazine is being administered intravenously to patients being
cooled for heatstroke, apparently for its role in depressing the hypo-
thalamic center for heat conservation, in promoting peripheral vaso-
dilatation, in abolishing shivering due to cold, and in preventing convul-
sions, restlessness and other hyperirritable states (24).

For reasons already discussed, an astronaut suffering from heat-
stroke and associated "'shock' should receive oxygen and a vasopressor
drug, such as metaraminol, even though such a drug might reduce heat
dissipation by producing peripheral vasoconstriction. From the work
of Gold (16), administration of a rapid-acting cardiac glycoside intra-
venously may be valuable in hyperpyrexia or early heatstroke, even
in the absence of frank '"'shock!. Such a measure must be undertaken i
with extreme caution because of the possible presence of marked
electrolyte abnormalities which are conducive to digitalis intoxication.

Intravenous fluids should be administered with care to avoid precipitation
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but can be given more intensively if serious

of acute pulmonary edema,

salt or water depletion has been evident prior to onset of the heat-
stroke. The fluid of choice is normal saline. An osmotic diuretic,

such as mannitol, might be added to this regimen if the danger of

renal damage from ''shock' exists. Sedatives or narcotics should

not be given in heatstroke. If the astronaut is comatose, attention

must be given to maintaining a clear airway, and urethral catherization,

An astronaut with hyperpyrexia unassociated with other signs or
symptoms should rest in a cool environment and be watched carefully.
His fluid intake should be kept at an optimum level. A special cooling
measure might be indicated if his body core temperature remains ele-

vated or if signs and symptoms of other heat disorders appear.
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CHAPTER 7

COLD INJURY AND HYPOTHERMIA

Recent discussions of space suit and spacecraft cabin thermal cc/ntrol

have indicated that an astronaut's risk of exposure to an excessive heat
loss will be much less than

(Chapter 6) during space operations
heat loss will be virtually eliminated in

his risk of exposure to an excessive heat load

(205445 77), It is even conceivable that

potential medical problems from

future space s-ystems. For the present, however, these problems should

be considered possible, especially if an extravehicular astronaut is ren-

dered immobile for a period of time in a shaded space environment. In

this situation, local or total body conductive heat loss might be increased
by an abnormal amount of moisture in his space suit, by an increased
thermal conductivity of his suit insulation due to compression against an
external object and by wide-spread contact between his suit and a cold
lunar, planetary or spacecraft surface. It is also remotely possible that
continued operation of an astronaut's suit thermal control system during
such an exposure could be a factor contributing to a medical heat loss prob-
lem. .

It has been speculated that either artificially-induced hypothermia or
more preferrably an induction into a state resembling hibernation might
provide a means of protecting astronauts from various hazards during long

157,51 ‘ : St
( ). However, the practicability of such a measure

space missions
remains to be proven.

In this chapter, the pathophysiology, clinical manifestations, diagnosis
prevention, and treatment of cold injury, resulting from excessive local
body heat loss, and hypothermia, resulting from excessive accidental total
body heat loss, will be discussed briefly. For greater detail than that to

be presented here, one can consult the many excellent reviews cited.

Cold Injury
Pathophysiology

Cold injury is tissue damage which can result from either the non-free
ing or freezing of tissues. Since the extent and severity of the damage deper
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upon a great number of factors, a critical exposure temperature for cold injury
in humans cannot be clearly defined. The major factors which could con-
tribute to this injury in the space situation are the exposure temperature,
the duration of exposure and the amount of conductive heat loss contributed
by moisture in the space suit or other failures of thermal protection by the

suit. Other important factors will be discussed below.

To give some idea
as to what exposures could cause cold injury, it is noted that past experience,
particularly in military operations, has shown that the feet are usually in-
jured following their exposure in excess of 12 hours in water at temperatures
below 50°F (immersion foot) or in excess of 24 hours in moisture near

(65261562}

freezing (trench foot) Thus cold injury could occur below 10°C

(50°F) if the duration of the exposure is sufficiently prolonged (61).

It is important to note that various tissues do not show the same degree
of susceptibility to cold injury. Blood vessels, nerves and striated muscles
are highly sensitive to colc%é(;)).

and muscle, can therefore occur without the overlying skin being signifi-

Skin, fascia, connective tissue, bone and
tendon are quite resistant Damage to deep structures, such as nerve

cantly damaged by cold.
) . : . (48;, 65, 67)
The pathophysiology of cold injury remains uncertain 5
One reason for this has been the paucity of tissue from humans available for

(66).

study during the acute phases of this injury Most authorities believe
that cold injury can be secondary to vascular changes in the tissue during
cold exposure and rewarming, due to direct injury of the tissue by cold, or

3
from some combination of these mechanisms (6, 8, 16, 26, 51, 52, 62, 63,

67,89 92). Because the management of cold injury is directed at

these possible mechanisms, they are discussed below in some detail. Al-
though not definitely stated, these considerations apply in particular to cold
injury of the limbs. For readily apparent reasons, the damage develops at

first distally, then progresses proximally in the limb.

Cold-induced constriction of arterioles and small arteries can conceivably
produce local hypoxic tissue damage. Further lowering of the local tissue
temperature secondary to vasoconstriction sets up a vicious cycle which

leads to further local hypoxia. The vasoconstriction can be not only due to
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1d, but also to the centrally-induced, generalizg

a normal local response to co
ch occurs if the total body heat loss is suffi-

peripheral vasoconstriction whi (42, 46)

cient to force the body to preserve

interest are the observations that vas

its core temperature Of great

oconstriction might not occur if the

body does not have to conserve heat, and that constricted vessels in cold

extremities can be reopened if the total body heat is maintained at a level
4, 75, 81, 84)
bordering on positive heat balance ( .

the importance of maintaining adequate total body heat during exposure to

These findings point to

both local and generalized heat loss.

Apparently to protect the vasoconstricted extremity from cold injury,

58 :
the so-called hunting or Lewis phenomenon occurs ( ). This rather complex

periodic surges
(16, 58) ;s

usually triggered at tissue temperatures below 1 OKC (502 F) (40, 45). ‘The

response to cold is a periodic vasodilatation which allows

of warm arterial blood to pass through the cooling tissues

hunting phenomenon may do little to provide adequate heat and oxygen re-
placement to cooled peripheral tissues in man, however, for apparently the

capillary flow in these tissues increases only slightly while most of the

(39, 45)

blood passes through arteriovenous anastomoses Moreover, it

has also been shown that this phenomenon can be prevented or reduced in

magnitude by an excessive total body heat loss (12, 28)

(2,12

, or by emotional
states such as anxiety Even in subjects who are generally warm,
the transient vasoconstriction caused by deep respiration or startle is con-
siderably prolonged when the hand or finger is exposed to cold (7). Therefort
the hunting phenomenon might at best be a poor and unpredictable protective
mechanism. However, this discussion of the body's attempt to protect it-
self from cold injury does suggest that specific measures which increase
both peripheral blood flow and tissue perfusion might offer some protection
from cold injury.

The major vascular mechanism of cold injury appears to be the irrever-
sible vascular occlusion and subsequent tissue hypoxia which follow the re-
warming of frozen tissues or tissues exposed to non-freezing cold for long

; : (6, 26, 51, 52, 53, 68
periods of time ’ ). From observations made in

extensive animal experimentation, Kulka (51, 52, 53) A crbe gt

seque -1
quence of cold-induced vascular changes as: arterial and arteriolar con-
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striction, excessive venular-capillary dilatation, increased endothelial
leakage, erythrostasis, arteriovenous shunting, segmental vascular necrosis
and massive thrombosis. He noted that neural, humoral or hemic factors
may all contribute to the production of the three basic functional defects of
vasoconstriction,venular dilatation and endothelial leakage (5”. Mundth
(o Gt has also presented evidence which indicates that the primary
pathologic process in response to freezing injury appears to be an alteration
in the intravascular cellular stability with the formation of platelet and
erythrocyte aggregates. It has also been noted that the tissue damage can
be enhanced further by vasoconstriction proximal to the injured area,

mechanical irritation and bacterial infection (26’ 52).

As will be discussed,
various measures which are directed at improving local tissue perfusion,
and inhibiting intravascular cellular aggregation and clotting have had a

beneficial effect on tissue survival and function following cold injury.

Although freezing can cause tissue damage by mechanically disrupting
cellular structure, especially in highly specialized tissues, it is a well
known fact that certain tissues can survive unquestionable freezing e 63).
On the other hand, death of other tissues has occurred in spite of there being

no histological evidence of disruption (62).

(618 62 65)

The reason for this has been pos-

tulated in reviews by Meryman He stated that during freezing,

intracellular dehydration occurs. This dehydration results from extracellular
ice crystal formation. The remaining, unfrozen extracellular fluid is ren-
dered hyperosmotic with respect to the intracellular fluid, so that water is
drawn osmotically from the cells. The high concentrations of electrolytes
and other cell constituents then causes cumulative injury to the cell through
biochemical means, such as denaturation from electrolyte concentration

(63)

Meryman also noted that rapid freezing
(61, 62)

and unnatural chemical bonding
is tolerated better than slow freezing However, he quoted reports
indicating that the successful survival of rapidly frozen tissues depends
primarily on rates of freezing and subsequent rewarming which cannot be
attained in the clinical situation.

It is possible that a prolonged exposure of certain tissues to low non-

freezing temperatures could cause an irreversible imbalance in the function
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48, 77) . . : o
of metabolic enzyme systems ( . However, this view is not defmue]j

(6, 26, 89)

stated by other authors
Outside of the conclusion that cold or frozen tissue should be rewarpyy

as quickly as possible, no specific beneficial measures appear to be ingj.
cated by the above considerations of the mechanisms of direct injury by el
Therefore the prognosis apparently cannot be improved if the damage hag
been caused by the direct effect of cold. Notably, this contrasts to the sig.
nificant improvement derived from measures which are directed at the

vascular mechanisms of cold injury.

Clinical Manifestations

Cold injury usually occurs quite insidiously, so that warning symptop
are often insufficient to prevent tissue damage. The only warning S ympton
may be paresthesias followed by anesthesia of the exposed part. In cages
of hand exposure, manual dexterity will, of cour se, be impaired. The
skin is usually erythematous at first, but then becomes pale or waxy - white
in appearance. Frozen tissue is described as "dead white''. It is hard
and may even be brittle, It is completely lacking in sensation and move-
ment, 5

In the past, cold injury has been clas sified clinically under one of fou
categories — chilblains, immersion foot, trench foot, and frostbite, Al-
though this more operational classification could apply to cold injuries in
Space, it is generally believed that such injuries are best classified simply

asitwo fgpes — freezing or non-freezing. Even this classification could be

considered inappropriate, for a local cold €xposure in space would undoubf

Produce a graded injury, characterizeqd by a possible freezing injury of the

most exposed part and lesser degrees of non-freezing injury progressing

centrally from thig part. Fortunately, however, tissue damage and its

management are very similar for both freezing and non-freezing injury,

the only variable being severity of the damage.
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period after a cold exposure G P 65).' Mills has pointed out that a

cold injury in its early stages may be classified often as no more than

(64)

superficial or deep However, the broader classification summarized

below from many authors (o, HLil205 26,248,5 10,604, 92), is useful for a
detailed description of the clinical manifestations and the course of cold
injury as related to its severity.

First Degree - hyperemia and edema. During rewarm-
ing, the skin initially becomes mottled and cyanotic,
then red, hot, and dry. This hyperemia blanches poorly
on pressure, with capillary refilling being very slug-
gish or absent. At first there is frequently an intense
burning or itching sensation; later there is a deep-
seated ache. In milder cases, these symptoms may
cause intense discomfort for several hours, and then
gradually disappear without serious sequelae. In

more severe cases, they are not only more severe

and prolonged, lasting for periods up to several days,
but deep aching pain, paresthesias, cyanosis, hyper-
hidrosis and coldness of the injured part may appear

2 to 3 weeks after injury and persist for many months.
Edema usually begins within 3 hours after rewarming
and usually disappears within 10 days if the patient

is at rest. Desquamation of the superficial layers of
the skin begins 5 to 10 days and may continue for
several weeks.

Second Degree - vesicle formation. The signs and
symptoms of first degree cold injury are also present.
However, the edema is usually not marked and dis-
appears within 3 to 5 days after rewarming. Light

touch and position sense are usually absent. A throb-
bing or aching pain is usually experienced from 3 to 20
days after injury. Blisters and, in more severe cases,
huge blebs may appear within 6 to 12 hours after rewarm-
ing. These vesicles, which usually form on the dorsum
of the fingers, hand and great toes, and on the heel, are
often deep in the epidermis. However, they do remain
superficial to the germinative layer, so that the epidermis
is regenerated. The vesicles may contain blood as well
as fluid transudate. They dry, forming black eschars
within 10 to 24 days after rewarming. Hyperhidrosis may
occur as well at this time. The eschar gradually separates,
leaving a thin, soft, poorly keratinized skin which is
easily traumatized.

Third Degree - necrosis of the skin and subcutaneous
tissue. This cold injury involves the full thickness of the
skin and often extends into the subcutaneous tissue.
Vesicles may appear at the periphery of the area of third
degree injury. Edema of the involved part is extensive,
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isappearing with 6 days. This injury is asso-
gisziaélciliyw(i;h }?Erning,g aching, throbbing or shooting pains
which begin in the second week and persist for about
5 weeks. The skin over the area of a third degr'ee
injury usually dries to a black, hard escha'r, which
eventually separates from po.orly'va_scu%arlzed gnder—
lying granulation tissue. Ep1thell_a11zat1on of this
area is gradual, healing often taku}g 2 to 3 months,.
Hyperhidrosis and cyanosis of the involved part may
appear between the fourth and 1.:ent1.'1 week after injury
and persist for months, resulting in a prolonged un-
comfortable convalescence. It should be noted that
trauma due either to injury other than cold or to
superimposed infection may complicate this degree of
cold injury and result in a more extensive tissue loss.

Fourth Degree - destruction of the entire injured part,
including bone, with resulting loss of the part. Upon
rewarming, the skin becomes mottled and cyanotic.
Edema begins rapidly, starting within an hour and
reaching a maximum within 6 to 12 hours. Bleb for-
mation is common. In most fourth degree cold in-
juries, the extent of injury becomes apparent only as
the edema resolves, the eschar formation or gangrene
frequently not being evident until 2 to 3 weeks after
injury. In severe injuries, the affected tissue will
progress rapidly to dry gangrene and mummification.
Demarkation between living and dead tissue becomes
fully apparent in about one month, and extends down

to bone in 2 months or more after injury.
Finally it should be noted that following any degree of cold injury, an
astronaut could become sensitized to s

ome degree to a further cold (o
66)

. With a mild injury, the involved part might be sensitized to
cold for days or weeks and with a severe i

; njury, this sensitization might be
2
permanent ( ). For such cases

» €ven a minor exposure to cold may be
followed by an exaggerated and prolonged reactive vasodilatation with asso-

ciated redness, edema and tingling pain. Edema of a urticarial type and even

systemic reactions are also possible (91).

Diagnosis
=l

The diagnosis of cold injury in space should be obvious on clinical obsez-

vation, with no special diagnostic procedures being required. It is again
pointed out that cold injury often requires several da

ys to become fully
manifest

, So that an early prediction of the extent and severity of a cold
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Prevention

Emphasis is placed on the importance of recognizing and adequately
correcting for certain physiological and space suit and spacecraft cabin
design factors which will undoubtedly influence the risk of exposure of
the astronaut to an excessive heat loss and subsequent cold injury during
space missions. As mentioned previously, these factors would apply
particularly to operations in the space suit in a shaded space environment.

The distal parts of an astronaut's extremities, especially the fingers,
will be highly susceptible to cold injury, due not only to their large sur-
face area per volume of tissue and their usual marked vasoconstrictive
response to cold, but also the fact that, for mobility, only minimal suit
insulative material will surround these parts. Moisture in the suit and
direct contact of the surface of the suit with other materials in a shaded
space environment could lead to an excessive conductive heat loss, parti-
cularly from a minimally insulated distal extremity. When designing
and fitting space suits, consideration must be given to avoiding constric- £
tions and tightness which in any way might jeopardize the blood flow to an
extremity, and thus increase the susceptibility of the extremity to cold in-
jurye S ithe ”coolént” of suit liquid cooling systems could pass through hand
and foot areas last, so providing a ''fail safe' effect.

As mentioned previously, the maintenance of adequate total body heat
during a localized or extensive heat loss from the space suit might serve
to protect an astronaut from cold injury by pr eventing the localized vasocon-
striction or the centrally-induced, generalized peripheral vasoconstriction
in response to cold. Thus if an astronaut is subjected to an excessive heat
loss through one or more areas of his suit, he might attain some protec-
tion from cold injury by having the amount of heat removed from his suit
by the life support system reduced, even to the point of allowing him to go
into slightly positive heat balance. Increased body heat production through
physical activity would play a similar role. However, it must be remem-
bered that anxiety and other possible factors (e.g., hypocapnia) might

tend to prevent this protective effect (75).
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The importance of continuous physical activity for providing suffi-

cient metabolic heat to maintain thermal balance in the space suit under
all circumstances is readily apparent. The suggestion that ingestion
of food of a high specific dynamic action prior to a possible exposure to
an excessive heat loss might have some protective value, by reason of itg
tendency to increase the basal heat prc(ai;::t%zl; of the body, has not
been supported in recent experiments 2

It has been suggested that agents which prevent or abolish a cold.
induced vasoconstriction might be useful in'protecting an exposed part
(75)

from cold injury . However, no topical vasodilators appear to exist

which can be used to give a graded response, or which will not be absorbeg
and hence result in a whole-body effect. Systemic administration of such
agents will probably always be contraindicated unless their action is highly
specific and the cold exposure anticipated will be of a short duration.

The marked influence of systemic hypoxia on the extent and

severity
: @, 55
of tissue damage by cold is well known e o ).

In space, this hypoxia
would be most likely caused by a reduction of the ambient oxygen tension,

On the other hand, an elevated partial pressure of oxygen tends to produce
a peripheral vasoconstriction which can contribute to cold injury (29).

It is apparent, therefore, that the vascular effects of oxygen at the partial
pressures to be used in the space suit should be investigated.

The view is generally held that prolonged exposure to weightlessness
will produce both a decrease in the total blood volume and a decrease in
capacity of the vessels in the lower extremities to maintain their tone when
an astronaut stands upright in a gravity environment.

not prevented or corrected before an astronaut walks o
tary surface,

If these effects are

n a lunar or plane-
a potential or manifest state of or

result, depending on the ability of his bod
quate circulating blood volume,

thostatic hypotension might

y to compensate for his inade-
This compensation would occur mainly

‘Which could lead to the astronaut being

of the feet,

that this susceptibility might be enhanced
Prevent orthostasis,

by peripheral va Soconstriction,

He s SuCEORbICR RO injury It also considered possible

by the use of elastic garments to

that a physi
the geograp
casian pers

climates of
(16, 66, 70

' to influence

essary to r
It is pc
astronaut ¢
juries, the
with more
As wil

of cold acc

Treatment
~ Thew
lack of knc
more defir
environme
juries in ¢
basically |
carried ot
Initia

of clothing
part remc
should be
temperatt
by most a
transfer |
be practi
container
substitute
good conc

with war?



iding suffj.

€ suit under

ingestion

e€Xposure tq

- I‘eason‘ Of itS

as not

h a cold-
Osed part

ar to eX.iSt

ot be absorheq

ition of Such

tion is highly

1ration,

nd severity
s hypoxia
én tension,
S to produce

.

. the partial

htlessness
“rease in
ir tone when
2ffects are
or plane-
1Sion might
s inade-
mainly

t being
Ossible

rments to

to be about

It appears

that a physiologic basis does exist for this difference (60, 76). As well,

the geographic origin of man seems to be a significant factor among Cau-
casian personnel in the incidence of cold injury, for origin from the warmer
climates of the United States has been shown to predispose to cold injury
(16, 66, 70). However, whether these factors would be significant enough
to influence selection of astronauts is debatable. Finally, it will be nec-
essary to rule out the presence of cold agglutinins in astronaut candidates.

It is pointed out again that following any degree of cold injury, an
astronaut could become sensitized to some degree to cold. With milder in-
juries, the involved part might be sensitized to cold for days or weeks, and
with more severe injuries, this sensitization might be permanent.

As will be discussed under "hypothermaia', the possible protective effect

of cold acclimatization, even if it exists, remains debatable.

Treatment

The treatment of cold injury remains controversial, due mainly to the

(6 855,65, .76) Since

lack of knowledge of the mechanisms of cold injury
more definitive forms of therapy will not be accomplished in the space
environment, the more conservative methods for the treatment of cold in-
juries in space will have to suffice. It is noted that all cold injuries receive
basically the same treatment from the beginning, modifications being
carried out as indicated by the degree of injury.

Initially, the injured part should be completely uncovered and all items
of clothing or equipment which might in any way restrict blood flow to the
part removed. Rewarming of the cold-injured part to body temperature
should be accomplished as quickly as possible by exposing the part to
temperatures recommended above 32°C (89. 6°F) but not above 42°C (107. 6°F)
by most authors (6, 16, 33,834 SCu e 72). Methods which maximize heat
transfer by conduction are preferred. Even though a water bath will not
be practical in space, surrounding the injured part with flexible plastic
containers, such as a balloon splint, containing warm fluid might be a useful
substitute. Moist warm towels might also be used. It is pointed out that
good conductive heat transfer can be obtained by placing the injury in contact

with warm areas, such as the axilla, perineal area, and trunk, of either an
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injured or uninjured astronaut's body. As will be discussed, rewarming

of an astronaut suffering from generalized hypothermia should be done
gradually, so that the above methods of rewarming will apply only to colg
injured areas. Massage of the rewarming part is contraindicated becayse

i : (34, 65,
of the possibility of causing further trauma to the injured tissue

70, 89) The use of ultrasound to rewarm cold-injured tissues is not

recommended, as there is evidence of it having deleterious effects in

65).

deep tissue injuries (
The major aims of treatment after rewarming should be the PT eventig

of further trauma to and possible infection of damaged tissues, and the

maintenance of an optimum range of movement in the damaged part (19, 55].

It is again emphasized that the degree and extent of cold injury may become

fully evident only after several days. Hence a more serious injury than

that observed initially should always be anticipated.

The damaged part should be gently washed with a mil

d, antiseptic
(65)
soap (e.g., hexachlorophene soap) :

Whereas lesions without vesicles
are usually left exposed under sterile conditions on Earth, all cold

injuries in space should be dressed in order to pProvide optimum Protection
from further trauma and infectious organisms.

and dry, and cotton Pledgets should be placed bet

maceration (50, 65). Debridement of vesicles

unless they are disrupted (6, 26, 33, 54, 89)_

Dressings should be loose
ween digits to avoid

should not be undertaken initi

Petrolatum dressings as
indicated in burn therapy should never be applied (o 02, 92).
Antibiotics are usually given to ¢

ases of cold injury only if there is
: ; .= (5586 70)
obvious deep infection

. However

, in the Space situation, con-
sideration might be given to Prophylactic anti

biotic administration, especially
to possible third and fourth degree cold injuries, in order to maximize the

» infected vesicles opened and,
if indicated, constricting escharsg bivalved (6, 33)

Optimum cleanliness
must be maintained,
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acute in-

flammation has subsided, active physiotherapy should be commenced (6,
= 92). The performance of digital exercises of each joint of every in-
volved digit throughout the waking hours and Buerger's exercises at least
four times daily have been recommended (65)- It should be kept in

mind that all parts of an injured extremity should be exercised.

All eschars should be allowed to separate rather than being removed
surgically (55). In fourth degree injuries, so-called physiological amputa-
tion will occur, usually in 2 months or more after injury. If adequate care
is taken to keep the injured part dry and free from infection, the possibility
of wet gangrene and the requirement for surgical amputation will be remote.
Circumferential eschars, which tend to constrict and so restrict blood
supply, should be bivalved if possible o 55).

Although pain is usually not a serious problem in cold injury, a :
non-narcotic analgesic or tranquilizing drug might be indicated in the
period after thawing [o 65). A tetanus toxoid booster prior fo missions in
space should eliminate the need for such an injection following cold injury.

A cold-injured astronaut should receive a vitamin supplemented diet which

is high in calories and protein content.

Various measures directed at improving local tissue perfusion and
inhibiting intravascular cellular aggragation and clotting have been studied
for their possible beneficial effect on tissue survival and function following
cold injury. Meryman pointed out that it would not be fair to presume that
none of these measures have been clinically successful, since the evaluation
of therapeutic procedures in clinical frostbite is hampered by the lack of
criteria for determining the severity of injury prior to the initiation of
therapy. However, the vasodilator drugs have generally not been proven

(6, 26)

effective either experimentally or clinically . This might in part

be due either to a negation of the possible increase in blood flow through the
dilated vessels at the site of injury by the systemic hypotension associated
with use of these drugs, or to delays in attempting to forestall circulatory
obstruction immediately after thawing before such obstruction develops.

Regional sympathectomy has been somewhat successful in animal experi-
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(25; 37)_

As a3

th tic measure in human cases, it has been highly effective in redyc.
erapeu

ments, reducing both edema and the amount of tissue loss

ing the number of severity of sequelae, S Al suel ace hyperhidrosis,
in

pallor, vasospastic complaints, and ulcers, which follow cold injury (78, 79)_
The inherent difficulties in assessing the effectiveness of sympathectomy oy
the extent of tissue loss in human cases are readily apparent. Surgical
sympathectomy is a highly specialized, major procedure, the performance
of which would be precluded by the space situation. However, success in
£he treatment of sequelae of cold injury by sympathectomy would suggest
that the sympatholytic drugs and, in certain cases, regional sympathetic
nerve block with a local anesthetic might also be effective in the treatment
of these sequelae.

Low molecular-weight dextran has been administered to cold injury
cases because it has been shown to be a specific agent for the inhibition of
intravascular cellular aggregation and the improvement of small vessel

blood flow in injured tissue (67). The beneficial results obtained with this

agent in animal experiments do not appear to be attributable to the ex-
I
pPansion of plasma volume and hemodilution which it also produces (5, 67, 68,4

The actual clinical effectiveness of this drug remains to be established,
(26,33, 169 FeE, 30)
however :

Heparin, used to prevent microvascular clotting, has had success in

: ; 3 : : : ;
animal experiments (2= 73). However, its effectiveness in human cold in-

jury cases has not been proven s ).

If vasodilating, anti- sludging, or anti- Coagulant agents are in fact proven

clinically useful, in the treatment of cold injury, it is readily apparent that

they must be administered as S0on as possible after and perhaps before start-

ing the rewarming of the injured area,and for ma

ny hours to several days
thereafter. Unfortunately,

the early administration of such agents to cold
injury cases has up to this t

Some time to come,

Steroids, administered in atte

with cold injury, and flavenoids,
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Hypothermia
Pathophysiology and Clinical Manifestations

Hypothermia, which has been discussed in several excellent reviews,

has been defined as a state of body temperature which is below normal in
a homeothermic organism (9, 13, 18, 27, 54, 56, 82, 83, 85). Little (59)

attempted to make this definition more meaningful by stating terms which
could be used to characterize the depth and duration of the hypothermia

under consideration. The depth of hypothermia was categorized in terms

of body core temperature, as light (37° to 32°C; or 98. 6° to 89. 6°F), inter-
mediate or moderate (32° to 26°C; or 89. 6° to 78. 8°F), deep (26° to 20°C;
or 78.8° to 68°F), and profound (under 20°C, or 68°F); and the duration of

hypothermia as acute (few hours), and chronic or prolonged (many hours,

days, or weeks). This classification has a greater application to considera-

tions of hypothermia used as a therapeutic tool than to considerations of
hypothermia acquired accidentally. However, each depth of hypothermia
categorized above appears to correlate well with the clinical picture an

astronaut might present if rendered hypothermic to a particular level of

body core temperature. The clinical features of these various depths of

hypothermia are:

Initial Response to Cold. The initial response to cold
mimics intense stimulation of the sympathetic nervous
system, being characterized by intense shivering,

marked peripheral vasoconstriction, elevation of sys-
temic arterial pressure and significant increases in
oxygen consumption, respiratory rate, and cardiac

output (59). This stress response may actually pro-

duce a slight rise in temperature, and so delay the

onset of hypothermia which will eventually result if
physiological compensatory mechanisms are inadequate (9).

Light Hypothermia (37° to 32°C; or 98. 6° to 89. 6°F).

This depth of hypothermia is characterized by a sensation
of severe cold and intense shivering which may be painful,
especially around the neck. The toes and fingers become
increasingly painful, then numb. Respiration is increased
in rate and depth from the onset of hypothermia but sub-
sequently decreases, especially below 34.5°C (94.1°F),

in a manner that can lead to respiratory acidosis
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Profound Hypothermia (under 20°C; or 68°F).
of accidental h

highly unlikely,

in spite of an overall normal arteriovenous oxygen

difference being maintained (83, 87). It is also pointed
out that as the body temperature decre.asef.s, the
solubility of carbon dioxide in .body fluids increases
and the oxygen carrying capacity g)f the blood de-
creases. An increase in metabolic rate occurs dur-
ing a normal response to cold, persis?ing until the
core temperature has fallen to approximately 35°C
(95°F), and thereafter declines to reach basal values
or lower in the intermediate or moderate hypothermia
range (15, 27). As the temperature falls, the heart
rate decreases. During this period, the blood pres-
sure falls, but only gradually (15).

Intermediate or Moderate Hypothermia (32° to 26°C;

or 89.6° to 78.8°F). At this depth of hypothermia, the
individual becomes increasingly somnolent and resistant
to pain, and finally loses consciousness (3, 32). Shiver-
ing ceases between 33°C (91.4°F) and 30°C (86°F),

but muscular rigidity may persist to 27°C (80. 6°F) (15),
Respiration will continue to decrease, becoming irregular
about 30°C (86°F) and finally cease about 28°C (82, 4°F)
(15). Cardiac arrhythmias (nodal rhythm, auricular
fibrillation, ventricular extrasystoles, etc. ) appear at
core temperatures below 30°C (86°F) (15). Ventricular
fibrillation becomes an increasing hazard at tempera-
tures below 28°C (82.4°F) (87). Hypothermia in this

range might occasionally aggravate epilepsy and certain
other types of seizures (59).

Deep Hypothermia (26° to 20°C; or 78.8° to 68°F).
Death usually occurs about 25°C (77°F), from either

ventricular fibrillation or cardiac asystole (3, 15).
However, the lethal temperature might be quite varia-
ble as demonstrated by a case in which a woman

survived a fall in core temperature to 18°C (64. 4°F)
or even lower (15, 57).

Survival
yPothermia to this level is considered

The general effect of hypothermia is currently thought to be entirely

depressive,

Come more sensitive to the development of arrhythmias and the central m
vous system to become more excitable as the
falls, Accordingly,

each other,
(57)
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complex and not well understood. Yet they may be tolerated for some period
of time without harm. For example, Talbott (85, 86) and Dill and Forbes
(27) treated patients suffering from psychoses by slowly cooling them to

a rectal temperature of about 26.5°C (79. 7°F). The patients were main-
tained at this temperature level for periods of up to 24 hours and then
slowly rewarmed. There were two deaths from cardiac failure during

the hypothermic phase in the series of 20 cases, with no after-effects be-
ing noted in the survivors.

The most serious complication of hypothermia has been ventricular
fibrillation, which occurs particularly at temperatures below 28°C (82.4°F).
Unfortunately, there appears to be no proven method of reversing this
arrhythmia in an individual who is in the hypothermic state. Moreover, it
is highly unlikely that the standard methods of defibrillation, which are in
themselves often only momentarily effective, could be undertaken in the

space situation.

(54)

Lewis has cited work which has shown that an impressive irrever-
sible cardiac failure can develop in cases of prolonged hypothermia. This
fatal event appeared particularly during rewarming. Conflicting evidence
has been presented on the important question of the occurrence of other

(59).

hypothermic organ damage

The most common complication which might occur on rewarming a hypo-

thermic astronaut is so-called rewarming shock (31). This syndrome con-
sists of the development of hypotension and acute circulatory collapse,
which is characterized by tachycardia, diminished cardiac output and inade-
quate respiration (12). It appears to be due to acidosis which is predomi-
nately metabolic in origin although, as previously mentioned, carbon
dioxide accumulation due to cold-induced respiratory depression and in-
creased solubility of this gas in cooled body fluids also occurs and might

(59)

contribute to some degree to the acidosis Shivering and rapid warmth-
induced increases of blood flow through the vascular beds of cold muscle

masses during rewarming can result in marked increases of circulating acid
metabolites, and so produce or aggravate rewarming shock. Undoubtedly

other factors can also be implicated in the etiology of rewarming shock. A
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arked warmth-induced peripheral vasodilatation might itself be condy.
m

cive to shock or seriously aggravate the tendency to shock produced by
metabolic acidosis. As well, the loss of circulating plasma volume, Which
occurs during prolonged hypothermia, might be inadequately restored if
rewarming is accomplished rapidly BB 88). There is also the
possibility that cardiac inadequacy, caused by a reduction of muscular
glybogen or myocardial d?.ln;;ige from prolonged hypothermia, might contri.
bute to rewarming shock ;

Another significant complication of rewarming has been discussed by
Burton and Edholm (15). It has been noted that rapid increases in blood
flow through cooled parts of the body can result in a large volume of cooleg
venous blood returning to the heart. For example, Behnke and Yaglou (10
recorded sharp falls of gastric, oral and rectal temperatures initially on
rewarming their subjects. Burton and Edholm 2] thus suggested that

the resulting drop in cardiac temperature might produce cardiac arrest or

ventricular fibrillation, particularly under conditions of rapid rewarming,

Diagnosis
The level of the core temperature of a hypothermic astronaut should

be determined as soon as possible in order to decide on the potential

seriousness of the situation and thus the therapeutic approach to be followed

For example, shivering can occur over a wide range of temperatures (37° &

30°C; or 98.6° to 89, 6°F), so as a clinical finding it alone could indicate

either a mild response to cold Oor a serious clinical situation. On the other

hand, an astronaut could be stuporous or unconscious, not shivering, and

yet hypothermic (core temperature less than 30°C, or 89.6°F). The

level of core temperature might conceivably also be necessary to establish

the diagnosis of hypothermia as distinct from other causes

of stupor or
unconsciousness,

If ever possible in space, determination of blood pH
could serve as a valuable adjunct in decidin

g on specific therapy of a hypo-
thermic astronaut.

Prevention
_—_‘—_—-_

The question arises as to whether or not acclimatization of man to a colé
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environment is possible and if so, whether or not such a long-lasting ad-
justment of physiological functions should be induced in an astronaut if
unusually high risks of excessive local or total body heat losses are

anticipated during operations in space. Although it has been well estab-

lished that true physiologic
(

acclimatization to heat occurs (Chapter 6),
Davis 214 has pointed out that there is a significant group of investigators
who have found that there is no defined evidence of cold acclimatization in
man. On the other hand, various recorded changes in the reaction of the
peripheral blood circulation to cold and in the cold-induced increase in
metabolism after repeated or prolonged cold exposure have been interpreted
as evidence of acclimatization to cold in man.

In his excellent review and from his studies in this area, Hellstrom (46)
pointed out that much evidence can be accumulated to show that cold-induced
vasodilatation is more marked and comes on more rapidly in individuals
who are chronically exposed to cold in their occupations, as compared to
those who work in a warm environment, These workers also demonstrated
a higher pain threshold and better manual functioning on cold exposure,
and a 1owelred response to the cold pressor test as compared to those who
work in a warm environment. He found no convincing evidence of a seasonal
variation in these parameters studied in students. Daily exposure of one
hand to cold water (temperature initially 3°C, rising to 12°C during 30
minutes) for 11 to 15 consecutive working days in the early summer in a
thermally ""neutral' environment did not appear to alter hand blood circula-
tion or the deteriorating effect of cold on hand function. Such was also the
case when the same local cold exposure was applied 6 days a week for 3
weeks during the winter to individuals who sat naked at 15.5°C ambient air
temperature for 70 minutes. However, a reduction of cold-induced pain
in the exposed hand and a decrease in the cold pressor response took place
in both experiments.

(ghys2e, 25, a4) has managed to produce a significant elevation

Davis
of the shivering threshold of individuals exposed, nude, 8 hours a day for 31
days to an ambient air temperature of 11.8°C. This was also found to
result from seasonal or climatic temperature decreases. He concluded that

the elevation of the shivering threshold appears to define the occurrence
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f cold acclimatization in man with some precision. Using this criterion,
of co

Davis demonstrated that the seasonal cold acclimatization in man was not
avi

retained over the summer whereas the acclimatization following the chrop

nude cold exposure was retained through at least one summer season,
Heat acclimatization in these studies did not affect artificially or naturally

induced cold acclimatization. This finding, in the light of the demonstra-

tion by others that heat acclimatization is unaffected per se by cold ex-

(36,

posure, indicates both acclimatizations can co-exist in an individual
47, 83)

Studying other parameters, Davis found that the initial cold-

induced heat production in unacclimatized subjects was consistently higher
(value of 64 percent above basal) in those studied in the summer as com-
pared to those studied in the winter season (value of 30 to 40 percent aboy
basal).
around 30 to 40 percent in both groups.

After the chronic nude cold exposure, this response stabilized
Lastly, he found that the body
core temperature of the chronic exposure group decreased significantly on
cold exposure.

Numerous other studies described in the literature point as well to
the fact that most past work on acclimatization to cold in man has been
concentrated on efforts to establish criteria for it, prove its very exist-
ence in various groups of cold-exposed subjects and evaluate the degree
of cold exposure necessary to produce changes of physiological reactions
which deserve interpretation as evidence of acclimatization to cold. Itis
apparent that the possible degree of cold acclimatization which can take
place in man has not been startling -- a sharp contrast to the rather over-
whelming evidence that true physiologic acclimatization to cold exists in

other non-hibernating homeotherms (43). Moreover,

it does not appear

to have been proven that cold acclimatization can actually offer man signi-
ficant protection from cold injury or accidental hypothermia. Thus, at the
present time the conclusion can be drawn that even if cold acclimatization
could confer some protection in an astronaut, the practicability of inducing
it might be outweighed by the exposure temperature and duration which

would be required for its induction. As well, possible loss of cold acclimé

tization over early months of a Prolonged mission in space would also
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Treatment

In order to minimize the risk of the complications of hypothermia
discussed previously, an astronaut's normal body temperature should be
restored as slowly as possible. By allowing the peripheral tissues to
rewarm slowly, the acid metabolites and carbon dioxide which have accu-
mulated in these tissues will be slowly washed out into the systemic circu-
lation. Thus adequate time will be allowed for the breakdown and buffering
of these metabolites, so preventing severe metabolic acidosis and possible
rewarming shock. Moreover, a marked warmth-induced peripheral vaso-
dilatation might itself be conducive to shock or seriously aggravate the
tendency to shock produced by metabolic acidosis. It is also possible for
the volume of plasma lost during a prolonged period of hypothermia to be
inadequately restored if rewarming is accomplished rapidly (15). Lastly,
slow rewarming decreases the risk of a further drop in cardiac temperature,
and so possible fatal cardiac arrhythmias, by keeping the flow of cold
venous blood from the cold peripheral tissues to the heart to a minimum.

To accomplish slow rewarming, the entire body surface of a hypo-
thermic astronaut should be exposed to normal environmental tempera-
tures (about 23°C; or 72°F). Accordingly, his body will be allowed to re-
warm by metabolic activity alone. As noted elsewhere in this chapter, a
local cold injury should, however, be rewarmed as quickly as possible.
Under certain circumstances, a hypothermic astronaut might have to be
rewarmed while in a space suit. Optimum temperature control settings
which will allow a slow rewarming of his body will have to be determined,
depending on whether a gas or fluid system is used for temperature control
in the suit.

Whether a drug such as chlorpromazine should be administered to
minimize shivering during the rewarming process remains controversial (69).
This measure could keep the acid metabolites contributed by muscular activity
to a minimum, so reducing the tendency to rewarming shock due to meta-
bolic acidosis. As well, the metabolic heat output by muscular activity

could be minimized, so allowing a slow rewarming of the body. However,
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ch as chlorpromazine are also vasodilatory, their use il

since drugs su

be contraindicated.

If rewarming "shock!'' occurs, intensive treatment of this serious

event should be commenced immediately, with appropriate measures beir,

selected as sound clinical judgment dictates. A solution of glucose,

saline, and bicarbonate in water should be administered intravenously,
’

Oxygen should be given. An appropriate vasopressor, such as metara-
minol, might be indicated. If the possibility of cardiac damage from the
hypothermia exists, a cardiac glycoside, such as digoxin, might be given

intravenously. Possible external sources producing excessive body heat-

ing should be removed.
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CHAPTER 8

MEDICAL PROBLEMS DUE TO PARTICLE AND DROPLET
CONTAMINATION OF THE SPACECRAFT
CABIN ATMOSPHERE

Introduction

Particles and droplets of all sizes tend to remain suspended in the
weightless environment. Various forms of particulate and liquid matter
can, therefore, present much greater hazards if introduced into a confined
atmosphere in space than if introduced into a confined atmosphere on Earth.
These contaminants might not only give rise to certain medical problems
in space, but also might produce temporary or permanent malfunctioning
of spacecraft components which are vital to the safety of the mission.

By recognizing all possible sources of particles and droplets which
might contaminate the spacecraft cabin atmosphere, various preventive and
control measures can be taken to eliminate or minimize both potential and
real particle and droplet hazards in space. As well, an astronaut might
take specific measures to protect himself in a "high risk'' situation. How-
ever, even though these measures might seemingly eliminate the likelihood
of medical problems in space from contaminant-astronaut contact, it still
must be assumed that such problems might be the result of an unforeseen
accident or failure of the environmental control system to remove rapidly
enough larger particles and droplets of debris which will inevitably be intro-
duced into the spacecraft cabin atmosphere. Therefore the various clinical
problems which might arise if the astronaut should be exposed to particle
and droplet contamination of the spacecraft cabin atmosphere should be pre-

dicted and their management in space considered.

Sources
A simple classification of the major possible sources of particle and
droplet contamination of the spacecraft cabin atmosphere is presented in

Table 8.1. These sources fall under one of two categories - exogenous
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ces existing outside of the spacecraft in space, and endo-

sources, Oor sour ,
or sources existing within the spacecraft itself.

genous sources,

EXOGENOUS
Meteoroid
Extravehicular

ENDOGENOUS

Construction
Maintenance and Repair
Preflight
Inflight
Operation
Food - Water-Waste
Astronaut
Experiment

Table 8.1 Sources of Particle and Droplet Contamination

The major exogenous sources are meteoroids and other extravehicula
sources. Meteoroids which completely penetrate the wall of the spacecral
will lead to free-floating particles of meteoroid and wall. Further particle
and even droplet contamination can result if structures within the cabin
are disrupted by fragments of meteoroid and wall or by the blast wave
produced by the "'explosive oxidation' of vaporized meteoroid and wall
materials. Fumes and smoke can be produced by the "explosive oxidation’
and possibly by fires caused by the ignition of combustible materials by
molten and hot fragments of meteoroid and wall. Fragments may also dis-
rupt electrical circuits and structures which contain flammable liquids and
gases to produce fires. A meteoroid which does not completely penetraté
the spacecraft wall might still result in particle contamination of the spact
craft cabin atmosphere by producing fragmentation, or spallation of the
inner surface of the cabin wall.

Other extravehicular sources, primarily of particle contamination, att
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extraterrestrial dust and possibly particles of organic matter. Such

particles could adhere to the space suit or to other equipment during extra-
vehicular operations on lunar or planetary surfaces. Samples taken from
extraterrestrial environments are also potentially contaminating, especially
if they are in the form of small particles or in a liquid state, and are to

be analysed on board the spacecraft.

It is thought that almost all particles and droplets which can contami-
nate the spacecraft cabin atmosphere will originate from endogenous
sources, or sources existing within the spacecraft cabin itself. Metal
particles and dust may remain within the spacecraft following its construc-
tion and subsequent checkout. During preflight and inflight maintenance
procedures, it might be possible, for example, to release non-chemical
particles such as metal, glass, and plastic through breakage, chipping,
or dislodgement; to release chemical particles such as lithium hydroxide
or superoxides from the environmental control system, or chemical drop-
lets from biochemical or other analytical systems; and to release micro-
biologically-contaminated water from the waste disposal system. Also
during the normal operation of the spacecraft, particles and droplets might
be introduced into the spacecraft cabin atmosphere through dislodgement,
chipping, and breakage.

Food, water, and waste sources of particle and droplet contamination
are apparent. It is noted that solid foods which tend to crumble when
handled could be a likely source of particle contamination.

An astronaut could well be the greatest source of particle and droplet
contamination of the spacecraft cabin atmosphere. Hair and desquamated
epithelium, especially as ""dandruff'", is shed continuously from the body
surface. Talking, coughing, and sneezing will eject droplets of saliva
and respiratory tract mucus into the atmosphere. Lint can be released
from the astronaut's clothing, Velcro fasteners, and towels. Droplets of
urine and wash water, and fecal particles might be accidentally released
into the atmosphere. Vomiting will be an extremely serious potential con-
tamination hazard.

Finally, it should be noted that in-space experiments which utilize '
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able materials or apparatus might create signifi.

chemicals, or fragment

cant potential particle and droplet hazards, especially if chemicals in big.

chemical or other analytical systems are to be replaced or if such systen

are to be serviced in space.

ontrol and Protective Measures

ous preventive, control and protective measures my

Preventive, C

A number of obvi
mize potential or existing particle and

be taken to eliminate or mini
droplet hazards in space. Various preventive measures are: the selectiy

and design of systems which present minimum potential particle and drop.
let hazards, especially if serviced in space; the exclusion or shielding of
potentially contaminating systems and subsystems from the rest of the
spacecraft cabin environment; the use of materials which are non-com-
bustible, lint-free, and do not splinter, flake or shatter; the preparation
of foods which do not crumble or powder; the use of contamination 'proofe
and proven' devices for shaving, haircutting, teethcleaning, washing,
urination and defecation; the use of '"paper strip' techniques whenever
possible for biochemical analyses; and the removal of all metal and other
particles created during the manufacture and servicing of the spacecraft
before flight. Some control measures are: the compartmentalization of
the spacecraft interior, thus separating or being able to separate living,
and various ""high risk'' areas from each other; the provision of a regulatd
efficient air ventilating-filtering system and ''vacuum cleaners' which can
reach anywhere in the spacecraft; the capability of venting a contaminated
compartment in space; and procedures for '"decontaminating'' astronauts
and equipment after extravehicular operations on lunar and planetary sut-
faces. Various protective measures are: the placing of suitable protectii
equipment such as masks, eye shields, and total body garments throughott
the spacecraft, readily available for use; the wearing of protective equipmt
in a "high risk" situation; keeping the number of astronauts exposed toa
"high risk" situation, such as while servicing the environmental control

system,to a minimum; and the placing of adequate shielding around instru-
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Predicted Medical Problems

The medical problems which can result if suspended particles or
droplets come into contact with an astronaut will be determined by their
physical, chemical, and microbiological properties. Taking into consider-
ation the properties which the various possible particle and droplet con-
taminants of the spacecraft cabin atmosphere might have, the major
medical problem areas appear to be; eye problems due to non-chemical
particles* and chemical particles and droplets; skin burns due to chemical
particles and droplets; and medical problems due to the inhalation of non-
chemical, chemical, and microbiologically-contaminated particles, and
chemical, and microbiologically-contaminated droplets. A brief discussion
of various possible eye problems from particles and droplets, and clinical
problems due to particle and droplet inhalation into the respiratory passages

follows. Chemical skin burns are discussed in Chapter 13.

Eye Problems

The potential hazard to an astronaut's eyes of an atmospheric particle
or droplet contaminant will be determined mainly by the physical and chem-
ical characteristics, and the velocities of the particles or droplets. Non-
chemical particles, referred to here as '"foreign bodies', can irritate and
injure eye tissues through a physical, or mechanical effect. Chemical
particles cannot only act as foreign bodies but also, through a chemical
effect, irritate and burn eye tissues. Chemical droplets can irritate and
possibly burn.

As particles and droplets are accelerated by circulating air, they will
become more hazardous to the eyes, for their impact frequency will in-
crease and the ""blink" reflex, which prevents approaching particles and
droplets from impinging on the eyes, will become less effective. It is also

thought possible that some particles and droplets might acquire a static

* In subsequent discussions, the terms "non-chemical particle'" and '""foreign
body' are used interchangeably.
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attracted to the eye if in close PTOXimity

electrical charge and so might be

to it.

of discussion of the clinical features and the principles of treat-

ce of possible eye problems ca
For more detailed coverage of this area, reference is made
(12) agier (), Roper-Hall (46)  Grap (19

A bri

ment in spa

used by foreign bodies and chem.

icals follows.
to the writings of Duke-Elder
(34), Ryan (48, 49, 50), Zimmerman
e sagittal section of the human eye is prov

mical features of the eye which will be mentioned in the

Kuhn and others

A diagram of th ided (Figure 8.1

to point out anato

following discussion.

Palpebral Conjunctiva-=====7~
continuous with :
Scleral Conjunctiva--—=-"
continuous with e
Corneal Epithelium=--"__-~

-~
Cornea-” §
P\

Itis-~~
Eyelid-——""
(palpebra)
Lower s
Cul-de-sac——"~
Sciera/’/

Figure 8.1 Sagittal Section of Human Eye.

Foreign Bodies

Hairs, fibres, desquamated epithelium and small food and metallic
particles should comprise most of the potential foreign body hazard to the

eyes in space. Although the risk of meteoroid penetration of a spacecraft

cabin is extremely low (Chapter 12), it should be pointed out that fragm.ent5<

¢ :
meteoroid and spacecraft wall from penetration will present a particularlY
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great hazard to the eyes because of their great number, high velocities,
high temperatures, and rough or sharp shapes.

All eye problems caused by foreign bodies are usually accompanied
by pain, lacrimation, and blepharospasm. It should be pointed out that
in an emergency situation, temporary relief of these symptoms can be
obtained by instilling a non-allergenic topical anesthetic such as 0.5 per-
cent ""Ophthaine' in the affected eye. However, one must assume the risks
associated with leaving a foreign body either trapped under an eyelid or

embedded in the cornea.

The trapping of foreign bodies under the eyelids will probably be the
cause of most of the eye problems which occur in space. Most foreign
bodies should only produce irritation. However, some with sharp edges
or corners could actually injure the cornea or conjunctiva.

Fortunately, the majority of foreign bodies which get under the eyelids,
especially the lower one, are either coated with mucus and automatically
worked out by tearing and lid and eye movement, or removed by the well
known method of overlapping the eyelids. On the other hand, it is possible
that a trained astronaut might have to evert an eyelid to search for and
remove a foreign body. Before undertaking this measure, pain and
blepharospasm should be relieved by instilling a topical anesthetic. A
foreign body under an eyelid can be removed with a cotton-tipped applicator
moistened with saline, with cilia forceps or by one of the irrigation methods
to be discussed under chemical eye problems. Although foreign bodies
under the eyelids are usually removed by one of the above means, an
occasional particle, especially if metallic or glass, can become embedded
in either the palpebral or scleral conjunctiva. In this case, it is necessary
to use a needle or eye spud for removal. Finally, special note should be
made always to examine the lacrimal punctae when searching for foreign
bodies in the eye in space, for it is considered possible that the risk of a
short hair or fibre entering the eye and then being washed into and becoming

firmly fixed in a punctum might be much higher in space than on Earth.
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Such foreign bodies are easily removed with suitable forceps.

Any foreign body which becomes embedded in an astronaut's cornes

will probably be a small single metal particle. Multiple foreign bodies

could become embedded at the time of a meteoroid penetration, however,

The cornea should always be examined if no foreign body is found on

searching under the eyelids, or if many foreign bodies could have entereq

the eye. Detection of a small embedded foreign body can usually only

be accomplished with good illumination and magnification. Since the

cornea is extremely sensitive, it is always necessary to instill a topical

anesthetic before attempting to remove a foreign body embedded in it.

A needle or eye spud should be used for removal, and the subsequent
management of this injury accomplished in the manner outlined below form
penetrating corneal injuries.

A ring of rust or debris may occasionally remain in the cornea after
removal of a foreign body. This is most likely to occur if easily oxidiz-
able metals, such as iron or copper are left embedded for a period of
time. Unless superficial and easily removable in space, rust and debris
should be allowed to remain in the cornea.

A foreign body embedded in the sclera is managed in the same way
as one in the cornea. However, a scleral foreign body is usually more
difficult to remove because of overlying conjunctiva and hemorrhage,

neither of which are a problem in corneal foreign bodies.

The majority of non-penetrating injuries inflicted on the eyes by foreig
bodies involve the cornea. Non-penetrating injuries of the sclera are
managed similarly to those of the cornea. Conjunctival injuries are best
left untreated.

An abrasion or wound of the corneal epithelium can result from a for
eign body striking but not embedding in the cornea, or by a foreign body
which is under the lid and is rubbing on the cornea. The wound remaining
after an embedded corneal foreign body is removed is essentially similar

to an abrasion. Fortunately this injury usually heals within 24 hours ui-
less it becomes infected.
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A rough or sharp foreign body which strikes the cornea at a high
velocity or is trapped under a lid and rubs against the cornea could pro-
duce a laceration which is deeper than the corneal epithelium. Healing of
this wound leads to scar formation and possibly a permanent visual
defect, depending on the position, size, and density of the scar.

The diagnosis and determination of the extent of a non-penetrating
corneal injury should be made first by staining the cornea with fluor-
escein. Use of a sterile paper impregnated with fluorescein (e.g.,
"Fluor-I-Strip' applicators) would be more practical in the weightless
space environment than fluorescein solution. Then a bacteriostatic oint-
ment, such as 10 percent sulfacetamide ointment, should be placed in
the eye and a light, dry patch applied over closed lids. In 24 hours, the
cornea should be stained and re-examined, and if healing is not complete
but is progressing satisfactorily, the same treatment should be repeated.
Also on this occasion, 5 percent homatropine might be instilled in the
eye as a preventive measure for posterior synechiae and for the melief
of pain due to inflammation of the iris.

If a non-penetrating injury of the cornea should become infected, a
bactericidal ointment, such as chloramphenicol or '"Neosporin' ointment,
should be placed in the eye every three hours. As well, 1 percent
atropine should be instilled one to three times daily. If possible in space,

the frequent application of heat to the affected eye is also indicated.

A foreign body could strike the cornea or sclera of an astronaut's eye
with sufficient velocity, as might be attained from a meteoroid penetration
or explosion, to pierce these structures and enter the globe. The severity
of penetrating injuries of the eye depends upon such factors as the size,
temperature and inertness of the foreign body, and the tissues which are
damaged during penetration. Some foreign bodies, such as plastics, sand,
and glass,are quite inert. Corrosion-resistant nickel-base berrylium
and aluminum alloys, and steelalloys containing chromium, vanadium,
cobalt, nickel, titanium and boron incite little or no reaction with ocular
tissues, usually becoming encapsulated over a period of time. On the other
hand, corrosive alloys and various pure metals, such as copper, iron, zinc,

and aluminum,react to a certain degree with ocular tissues, producing an
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n and ultimately visual impairment and perhaps even

inflammatory reactio

destruction of the involved eye.
Part of the iris prolapsed through a penetrating eye wound would not

only be difficult to replace but also invite infection into the eye. Whenever

the lens capsule is damaged, a traumatic cataract forms, leading to an

impairment of vision. Such a cataractous lens can swell and, by block-

ing the angle of the anterior chamber of the eye, can cause secondary
glaucoma.

An inflammatory process involving the uveal tract (iridocyclitis)
commonly occurs following a penetrating injury of the eye. It is character-
ized by deep-seated pain, photophobia, miosis and blurred vision. If the
injury involves the region of the ciliary body, sympathetic ophthalmia, or
a similar inflammatory process in the other eye may rarely occur, usually
2 weeks to 2 months after the injury. This extremely serious eye condition
can progress on to complete loss of vision unless the injured eye is
ennucleated as soon as symptoms appear in the normal eye. No other
treatment is definitely effective. Some cases have been controlled with
rigorous local and systemic corticosteroid therapy (1, 59).

Because the skill and special instruments of the ophthalmic surgeon
are required for the removal of an intraocular foreign body and for other
emergency surgical procedures on the eye, it is doubtful if such pro-
cedures, except perhaps for ennucleation will ever be carried out in space
Thus the risk of permanent blindness occurring from penetrating
injuries will be somewhat higher in space than on Earth. It is thought
that maximum possible supportive therapy may be adequate in most in-
stances, however.

If a penetrating injury of an astronaut's eye is suspected, his visual
acuity should be determined. Then his lids, sclera and cornea should be
inspected for a small cut where a foreign body might have penetrated.
This wound might be detected only by staining with fluorescein. It should
be remembered that an eye suspected of having a penetrating injury should
never be palpated and, of course, the astronaut should be warned to avoid
rubbing his injured eye. Blood might be present in the anterior chamber

of the eye, and the iris might be torn and the pupil irregular. Flattening
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of the anterior chamber is an important sign of perforation. If x-ray
facilities are ever placed on board spacecraft, every suspected case of
foreign body penetration should be x-rayed.

Foreign bodies trapped under the eyelids, or embedded in the cornea
or sclera should be removed. If part of the iris is prolapsed and cannot
be replaced in the eye, it should best be excised with sterile scissors.
Since it is thought that most penetrating foreign bodies in space will be
reasonably sterile when they enter the eye, a local bacteriostatic agent

(55).

in ointment form could itself be a dangerous foreign body if it enters the

might not be necessary One must keep in mind that such an agent
interior of the eye through the wound. However, if single or multiple
foreign bodies have been removed, or other non-penetrating injuries are
present, it might be wise to instill an aqueous bacteriostatic agent fre-
quently in the eye. Prophylactic systemic antibiotic therapy is usually not
indicated in such cases.

One percent atropine should be instilled every 8 to 12 hours in an
eye penetrated by a foreign body, until healing appears complete and all
signs and symptoms of inflammation have subsided. Both eyes should be
patched except in critical operational situations when the best vision
possible is required for a period of time. Except for eye examination, a
local anesthetic should not be repeatedly instilled in an injured eye for
the relief of pain. An analgesic or sedative will have to suffice.

An intraocular infection can result from the entry of bacteria through
a penetrating wound, either at the time of or after .penetration. As well
as the treatment outlined above, local heat should be applied. Penicillin
or a sulfonamide may be administered orally or by injection, but these
drugs are frequently ineffective since they pass across the blood-aqueous
(1, 55). On the other hand, some success has been reported

(54)

e drﬁg of choice in the treatment of secondary glaucoma has been

barrier poorly

with chloramphenicol

a carbonic anhydrase inhibitor, such as acetazolamide. Of interest is
s : (180,31 85,5285 58
the success reported with intravenous dehydrating agents
59

The possible potential usefulness of them in space has been discussed

in Chapters 1, 2, 4, and 14. These agents are apparently effective in the
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ary and secondary types,

treatment of acute glaucoma of both the prim

and may also aid in the absorption of blood out of the anterior chamber.

Mannitol

drug can b

especially where the glaucoma 1is primarily due to hemorrhage, the fre-

quent instillation of a miotic drug,
ntinuous pupillary constriction may be indicated. On the

such as 1/2 to 4 percent pilocarpine,

to maintain co

other hand, it may be advisable to instill instead a cycloplegic drug,

such as 1 percent atropine, if severe inflammation supervenes. The

selection of such drugs requires sound clinical judgment based on exten-
sive ophthalmologic experience. Hence consultation with an Earth-based

ophthalmologist will be a must if such a situation should develop in space.

Chemicals

The severity of any chemical injury of the eyes will depend on various
factors, such as the type, concentration and physical nature of the chemi-
cal, and the duration that the eyes are exposed to the chemical. It should
be remembered that solid reactive chemical particles can produce mechani-
cal injuries of the eyes as well as severe local burns.

Alkaline chemicals are a much greater threat to the eyes than any
other chemical (48). The greatest degree of damage apparently occurs
between pH 11 and 12 (48). Alkalis penetrate the eye tissues rapidly, pro-
ducing deep burns and all of the possible complications of severe eye burns
discussed below. On the otherrha,nd, serious injuries from acids rarely
occur above pH 2.5 and are often limited to the epithelium (48). Accord-
ingly, serious complications are less likely to occur following mild expo-
sures to acids than to alkalis. Eye injuries caused by other classes of

(48, 49, 50) (19)

chemicals have been discussed by Ryan and Grant

Every effort must be directed at minimizing the use of hazardous

chemicals in space and at maximizing the safety factors if such chemicals

are required. The probability of carbon dioxide absorbents, such as lithium

hydroxide and sodium superoxide, becoming a threat to the eyes might be

reatly i i i
g Yy increased if environmental control systems require servicing in
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space. These absorbents are alkalis which, as mentioned above, are ex-
tremely damaging to the eyes. As well, they tend to change from pellet

to powder form as they are utilized. It is noted again that most analytical
systems will employ hazardous chemicals which could be spilled at the
time of replacing spent chemicals or servicing a system, or during analyti-
cal procedures.

Various degrees of injury, from a temporary mild inflammation to a
severe burn of the extraocular tissues could be possible if a hazardous
chemical should come into contact with an astronaut's eyes in space. A
mild injury is accompanied by lacrimation, an itching or burning sensation,
and blepharospasm. A severe burn is accompanied by lacrimation, burn-
ing pain, blepharospasm, and congestion, edema and possibly immediate
necrosis of extraocular tissues.

Perforation of the globe is possible with deep burns. Injured eye
tissues are very susceptible to infection, which would enhance the degree
of damage and delay healing. Other serious early complications which
may follow a seemingly mild chemical burn are iridocyclitis and secondary
glaucoma.

A burn involving the subepithelial tissue of the cornea will heal by
scar tissue formation and ingrowth of vascular tissue, leading to some
degree of impaired vision. A severe burn of the palpebral conjuntiva
can be followed by marked contraction of this tissue, resulting in
inversion of the lid (entropion). A severe conjunctival burn can also lead
to the formation of adhesions between the eyelids and the globe (symblepha-

ron). Scarring of the outer surface of the lids can result in lid eversion

(ectropion).

If 2 harmful chemical should come into contact with the eyes of an
astronaut in space, his eyes should be irrigated as soon as possible with

copious amounts of water or, if as readily available, isotonic saline or

- other more physiologic solution. Special buffering agents available for

the irrigation of eye injuries, which could be produced by specific chemicals

carried on board the spacecraft, might be applicable in the space situation.

Irrigation is usually continued for at least 20 to 30 minutes for alkalis or other
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For more innocuous chemicals, as litt]e

severely damaging chemicals.

as 10 minutes irrigation may suffice.

Irrigation of an eye will be difficult in the weightless environment,

However, no adequate procedure can be substituted for irrigation. It ig
=uggested that wish water-absorbing material around the eye, 2 sugtion
vent near the eye, and the water or saline directed in a suitable stream
at the eye, irrigation of the eye should be accomplished in space without
creating a droplet hazard. An eye cup with water circulating through it
might be another method of irrigation to be considered. In order to relig
pain and blepharospasm, and so facilitate irrigation under the lids, a loy
anesthetic can be rapidly instilled in the eye just prior to or after having
started irrigation. The lids should be held open during the irrigation, s
that the solution reaches all parts of the conjunctiva and cornea. In orde
to be assured that all chemical, particularly if in solid form, has been re
moved from the eye, each eyelid should be completely everted and the
posterior surface of the cul-de-sac irrigated. Solid particles can alsobe
removed from the eye with a moist cotton-tipped applicator or suitable
forceps.

After irrigation, the cornea and conjunctiva should be stained with
fluorescein and carefully examined, under magnification if possible, in
order to determine the severity of injury and, if applicable, detect any
small chemical particles which still remain in the eye. The importance
of examining the under-surfaces of the lids and cul-de-sacs cannot be
overemphasized.

All chemical burns of the surface of the eye should be treated withan
ointment or water-soluble preparation which includes both a bactericidal
agent and a cortisone derivative (e.g., "Neodeltacortef", "Neodecadron')
Authorities agree that the beneficial effect of a cortisone derivative, es-
pecially in minimizing the inflammatory reaction,and corneal scarring and
vascularization, far outweighs the potential risk of this agent causing
aggravation of a possible ocular viral disease. The ointment preparation
and a mydriatic drug, such as 5 percent homatropine or 1 percent
atropine, should be placed in the eye every 8 to 12 hours if a patch is to
be applied. If the injury is mild or if the eye must be left open, a water:
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soluble preparation would be preferred, instilled in the eye at least every
one to 2 hours. A topical mydriatic drug is a necessity for all corneal in-
juries of any significant degree, for it will do much to prevent extension
of corneal inflammation to the iris and ciliary body, and to prevent severe
ache from iris and ciliary muscle spasm.

A dry patch should be applied to most mild and all severe chemical
burns. The patch immobilizes the lids in a closed position, which tends
to exclude contamination and minimize mechanical trauma. The repeated :
use of local anesthetics in the eye is contraindicated, for such agents can
delay healing and may even increase damage. If possible in space, the
local application of cold may help to prevent or reduce congestion, edema,
and pain. An analgesic drug should be given as required.

One of the most common complications of chemical burns of the eye is

‘the adherence of the palpebral to the scleral conjunctiva if they are badly

damaged. The topical ointments mentioned above may prevent this ad-
herence to some degree. However, it may be necessary to break down
adherent points under local anesthesia daily with a suitable instrument
such as a smooth glass rod.

The secondary glaucoma which sometimes develops after chemical
burns, especially from alkaline agents, is usually very difficult to control.
Foremost in the treatment of this kind of glaucoma is the administration
of an oral carbonic anhydrase inhibiting drug, such as acetazolamide.

A topical cycloplegic, such as 1 percent atropine, also can be used, but
it seldom is effective enough to control severe glaucoma by itself. Use
of miotics seems unattractive because of the possibility of increasing dis-
comfort and allowing posterior synechiae to form (19).

Definitive treatment of complications such as corneal scarring and
vascularization, conjunctival scarring and symblepharon, entropion and
ectropion of the lids, and secondary glaucoma which has not responded
to drug therapy, demand the skill and instruments of the ophthalmic sur-

geon. Hence it is doubtful if such treatment will ever be possible in space.
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Respiratory Tract Problems

Predictions
s

Busby and Mercer have predicted what the characteri§tics of particle

inhalation into and deposition in the respiratory tract will be

and droplet :
The medical implications to be drawn

in the weightless environment
which is summarized below,

iratory problems which are considered most likely

f this study serve as a basis for dis-
rom )

cussing various resp

to occur in space.

The first question which arose was whether or not suspended particles

or droplets of sizes up to that which can enter the nasal passages or mouth
can be inhaled if they come into contact with the inspiratory air stream.

Air flow and particle or droplet size were related in the equation:

3.42x10%
u=v(l-e = dg?

which gives the velocity, u, which a particle or droplet of aerodynamic
diameter*, da microns, might have, t seconds after it is introduced into
air flowing at velocity, v. This relationship is illustrated graphically in
Figure 8.2, which shows the times required for particles or droplets of
various aerodynamic diameters to reach one-half of an air velocity.

From this relationship it was predicted that particles and droplets of sizes

having an aerodynamic diameter less than a few hundred microns, if in the

inspiratory air stream, will approach the velocity of the inspiratory air strean!

rapidly that for all practical purposes, the concentration and distribution

of such particles and droplets which enter the nose or mouth during a normal

* "Aerodynamic diameter" of a given particle or droplet means the diameter

of a sphere of unit density having the same settling velocity as the particle
or droplet at room temperature and pressure.
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Figure 8. 2 Time for Particles or Drop-
lets of Various Aerodynamic
Diameters to Reach 50% of
Air Velocity (v).

(After Busby and Mercer (8))

Since gravity is a factor in determining the particle and droplet depo-
sition in the respiratory passages, the other question which had to be
answered was what the characteristics of particle and droplet deposition
in the respiratory passages might be in the weightless environment. Mercer
Vo) had modified and extended the method first employed by Findeisen (=)
to calculate values for the deposition of various aerodynamic diameter
particles or droplets in the respiratory passages in the Earth (unit gravity)
environment, and had shown that these values compared quite favorably
with available experimental data. To consider the analogous situation that
would exist in the space (weightless) environment, it was only necessary

to discount in such calculations that contribution made to deposition by

sedimentation, which is due to gravity.
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aerodynamic diameter particle or droplet

The characteristics of

deposition in the respiratory passages in the Earth (unit gravity) and Space

(weightless) environments are demonstrated by the "deposition curves!
in Figures 8.3 to 8.5.
of 750 cc and a respiratory rate of 15 breaths per minute,

All curves were calculated for nasal breathing, 5

tidal volume

It is noted that even though these curves are for nasal breathing, avail-

able experimental evidence suggests that the efficiency of the mouth asa

filter is similar to that of the nose, providing an individual breathes

41 ; o
through his mouth in a normal manner ( ). Air at 14.7 psia is breathed

in the Earth situation. Since the current literature supports the use of

reduced atmospheric pressures and thus increased oxygen concentrations

in spacecraft cabins, calculations were made on the basis of an inhaled
gas mixture composed of 50 percent nitrogen-oxygen at a total pressure
of 7.0 psia (362 mm Hg). Even though the viscosity of the respired gas
is altered by the relative amounts of nitrogen and oxygen, the effect of

(41)

this change on the ''deposition curves'' appears to be negligible ;

EARTH

g0~ DEPOSITION AS A FUNCTION OF
PARTICLE SIZE

Nasal Breathing

- Tidal Volume 750cc

Respiratory Rate 15/min

14.7psi (20% 02 -80%N )

@
(=]

=——Nasal Deposition

% Deposition
5 3] @ ~
= s o

&

\Pulmonary Deposition

Tracheobronchial
Deposition-

Aerodynamic Diamefer (microns)

Figure 8.3 Deposition as a Function of
Particle or Droplet Size in
the Earth (Unit Gravity)
Environment.

(After Busby and Mercer (8))

.
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As well, it is believed that the substitution of helium or another inert

gas for nitrogen would alter viscosity by only a few per cent, and hence

should not alter these '"deposition curves' significantly.

10 =
so- ’_,--'-"’/
Nasal Deposition e SPACE
Y= \ DEPOSITION AS A FUNCTION
/" OF PARTICLE SIZE
0= & Nasal Breathing
v Tidal Volume 750cc
/ Respiratory Rate |5/min

o))
o

7 7.0psi (50% 05 -50% N»)
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o
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Aerodynamic Diameter (microns)

Figure 8.4 Deposition as a Function of
Particle or Droplet Size in
the Space (Weightless)
Environment.

(8),,

(After Busby and Mercer

For considerations of the pattern of deposition, the respiratory tract
was divided into nasal (or nasopharyngeal), tracheobronchial and pulmo-
nary regions. The subregions of the airways and their dimensions are
shown in Table 8. 2. The tracheobronchial region includes all the ciliated
airways (including the larynx), which are assumed to terminate at the distal
ends of the terminal bronchioles. The pulmonary region includes the distal
respiratory passages such as the respiratory bronchioles, and alveolar
ducts and sacs. It is also pointed out that in the discussion which follows,
the term "upper respiratory passages'' refers to the nasal (or oral)

regions of the respiratory passages, and the term 'lower respiratory

Passages' refers to the tracheobronchial and pulmonary regions.
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(After Busby and Mercer (8)).

A number of medical implications can be drawn from these predic-
tions of the characteristics of particle and droplet inhalation into and
deposition in the respiratory passages in the weightless environment. It
is assumed here that all particles and droplets will tend to follow the same
predicted pattern of inhalation into and deposition in the respiratory passages
that would be expected to standard ""aerodynamic diameter'" particles.

The tendency for particles and droplets to remain suspended in the
weightless environment and the predicted characteristics of particle and .
droplet inhalation into the respiratory passages in the weightless environmel
imply that the amount of particle or droplet contaminant which an exposed

astronaut might inhale could be markedly increased, possibly by several

orders of magnitude, over the amount that can be inhaled if the same c ontami

nant is i i SED : : :
introduced in a similar situation into a unit gravity environment. The
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TRA'g-I'EA (transverse 25% greater than saggital) 13 - 22 mm

Tracheo-  BRONCHI main - 7.5 - 12.5mm
bronchial
Region BRONCHIOLES < 1mm
N
TERMINAL BRONCHIOLES 0.6 mm
.

RE'SgRATORY BRONCHIOLES 0.4 - 0.6 mm

PF‘;'”“?"W ALVEOLAR DUCTS 0.2°20 4 mm
egion 9
ALVEOLAR SACS 0504

Table 8.2 Internal Diameters of the Respiratory
Passages in the Tracheo-bronchial
and Pulmonary Regions of the Adult

Lung.
(After Findeisen (15), Landahl (36), Sander (51),
von Hayek (56), and Weibel (57)).

predicted characteristics of particle and droplet deposition in the respira-
tory passages in the weightless environment show that in space, as on
Earth, the nose or mouth should continue to operate as highly efficient
filters, protecting the lower respiratory passages from all particles and
droplets above about 10 microns in diameter. Fortunately, this size is
considerably less than that of particles and droplets of most of the afore-

mentioned .contaminants which might be introduced into the spacecraft cabin

predic- :

: atmosphere. In this respect, it should be pointed out that the use of
O an

¢ powdered chemicals of particle sizes greater than 10 microns in space
ment.

would be an important safety measure.
w the same

: seages It must still be considered possible, however, for an astronaut to be
ory pa

exposed to particles (e. g., aggregates of smoke and fume particles) and

icles. :
+ droplets (e. g., liquid ejected as a fine spray) less than about 10 microns
d in the : 5 : :
i in diameter. The '""deposition curves'' predict that fewer inhaled particles
ticle and,

and droplets between about 0.5 and about 10 microns in diameter will be
s environmer : : ? _ :
deposited in the lower respiratory passages, especially in the pulmonary

osed g : : : :
16X region, in the weightless as compared to the unit gravity environment. This

ral ! ; :
J SENS implies that weightlessness might offer some protection to an astronaut from

same contamr

.onment. 10
17



which, if inhaled in a similar concentration in a

certain contaminants

unit gravity environment, would be irritating to or damage alveoli and

respiratory bronchioles, or produce systemic toxic effects by being ab-

sorbed. It is of interest to note that weightlessness exerts its greatest

protective effect in the pulmonary or
passages -- 2 region where deposited contaminants are not moved out of

non-ciliated region of the respiratory

the respiratory passages by ciliary action. This predicted decrease of

particle and droplet deposition in the pulmonary region in the weightless as

compared to the unit gravity environment implies that the concentration of

particles and droplets one micron in diameter inhaled into the respiratory

passages in the weightless environment could be approximately doubled be-
fore the percent deposition of such contaminants in the pulmonary region
in this environment would be equivalent to their percent deposition in the
unit gravity environment. Similarly, the inhaled concentration of particles,
and droplets could be increased by approximately 6 times for particles
and droplets 2 microns in diameter, 7 times for those 3, 4, and 5 microns
in diameter, 6 times for those 6 microns in diameter, 5 times for those

7 and 8 microns in diameter, and 3 times for those 9 microns in diameter,
However, even though it is predicted that the pulmonary deposition of
inhaled particles and droplets between about 0.5 and about 10 microns in
diameter will be significantly reduced in the weightless environment, one
must remember that such contaminating particles or droplets could still
be suspended in a concentration which would be harmful.

Since the weightless environment does not alter the high percent
deposition of particles and droplets below about 0.5 microns in diameter in
the lower respiratory passages, the consequences of inhaling such contamir-
ants will not be different in the weightless as compared to the unit gravity
environment. Contaminants of this size are most likely to be in the form of
fumes or smoke. Since particles or droplets below 0.9 microns in diameter
will apparently not be deposited in the nasal (or oral) regions of the respira-
tory passages, their inhalation should not produce clinical problems in the
upper respiratory passages. On the other hand, because of the very high

pPercent deposition of particles and droplets below about 0.5 microns in

diameter, tracheobronchial and pulmonary tissues could be severely irritated
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From the equation which illustrated the relationship between air flow
and particle size, Busby and Mercer concluded that the concentration and
distribution of particles and droplets of diameters up to a few hundred microns
which will enter the nose or mouth in the inspiratory air stream will not be
significantly different from that in the spacecraft cabin atmosphere (8).
Whether or not particles or droplets larger than a few hundred microns in
diameter (E.‘_.E' , several hundred microns to 1 cm) can be inhaled will depend
less on particle and droplet size, and more and more on such important fac-
tors as particle or droplet shape and density, their spatial relationship to
the inspiratory air stream and mouth and nasal openings, their velocities
and directions of movement relative to an astronaut, the velocity-time pro-
files of the inspiratory and expiratory air streams, and the duration of the
pause between inspiration and expiration. Taking all of these factors into
consideration, it is predicted that various particles, especially those of
low density particles, and droplets of possibly up to 1 cm in diameter,
could be inhaled in the weightless environment. Accordingly, it is thought
that as compared to on Earth, an astronaut in space might run a somewhat
higher risk not only of inhaling large particles and droplets into his nose
and mouth, but also of aspirating large particles and droplets into his
lower respiratory tract. For aspiration to occur, it must be assumed that
normal mechanisms, such as coughing, swallowing and reflex glottic clo-
sure, which exclude large particles impacting in the oropharynx from the
larynx might not always be effective, especially if an astronaut should inhale
several large particles or droplets at one time or if his exposure to and
inhalation of the contaminant occurs unexpectedly. An inspiratory gasp,
which produces high air velocities, might occur from an astronaut being
"startled" or '"'stimulated' by an inhaled contaminant and could, therefore,
increase the risk of the contaminant being aspirated. Because a much
larger particle or droplet can enter and pass through the mouth than the

nasal passages, aspiration is much more likely to occur if an astronaut is
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breathing through his mouth.

Acute Chemical Inflammation of the Upper Respiratory Tract

The inhalation into the nose of a particulate chemical, such as lithium

hydroxide or a superoxide used in environmental systems, or a liquid chem;.

cal, such as an acid or alkaline reagent used in an analytical system, could
)
lead to a severe non- specific inflammation of the sensitive lining of the

nose and pharynx, or so-called acute chemical rhino-pharyngitis. Con-

sidered much less likely to occur following inhalation of a chemical,

severe chemical inflammation of the lining of the mouth is managed in a
similar fashion to that of the nose.

The initial response to a chemical deposited in the nose is vasocon-
striction. This is accompanied by symptoms ranging from an itching-burn-
ing sensation to severe pain. Within minutes, however, vasodilatation
occurs. The hyperemic nasal mucosa rapidly becomes edematous and
secretes a watery fluid. This response can manifest clinically as a feel-
ing of fullness or tightness in the nose and sinus regions, nasal obstruction,
a profuse watery discharge, a '""sore throat', lacrimation and continued
sneezing. The lining of the nose and pharynx can undergo some degree of
localized or diffuse, immediate or delayed necrosis, particularly if larger
chemical droplets or particles are inhaled. In this case, the nasal dis-
charge is in the form of an exudate, which is opaque and viscous. It can
be blood-streaked and contain pieces of necrotic intranasal tissue. Frank
nasal and pharyngeal bleeding may occur up to several days after the inciden

The most common sequela of acute chemical rhino-pharyngitis is secont
infection of the damaged nasal and pharyngeal lining. The nasal discharge
becomes purulent and remains so until the continuity of the ciliated epithe-
lium is restored. Severe infections are usually accompanied by fever and
general malaise. The remote possibility of secondary bacterial invaders
producing disorders of serious consequence, such as sinusitis, otitis
media, mastoiditis, meningitis, osteomyelitis, and brain abcess, should
be kept in mind.

The treatment of acute chemical rhino-pharyngitis has been suggested

: (16) : 33
by Fischer and Kilgore ( ). As soon as possible after inhaling a
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chemical into his nose, an afflicted astronaut should use any method possible
to irrigate his nose and pharynx. Water or, if available, isotonic saline

or any other isotonic solution should be flushed in and out of his nose and
gargled. Irrigation should be continued for several minutes or until the
initial irritation has subsided. It might be carried out for many minutes

if he inhales large particles which could be impacted in his nose.

It is debatable as to whether or not to instill immediately a potent,
rapid- acting, topical vasoconstrictor, such as 1/1000 epinephrine, in a
chemically-inflamed nose. On the one hand, such an agent would, by
shrinking the nasal lining, allow better nasal irrigation and possibly less
absorption of a toxic chemical into the body. On the other hand, one must
keep in mind the damage which would be incurred by a chemical while
waiting for a vasoconstrictor to take effect. Accordingly, it is thought
that vasoconstriction should be attempted after some irrigation has been
carried out.

As will be pointed out in the discussion of acute chemical inflammation
of the lower respiratory tract, steroid drugs appear to have an excellent
anti-inflammatory action on the respiratory tract mucosa. Therefore,
it is suggested that suitable steroid preparations be administered as indi-
cated both intravenously (e.g., hydrocortisone sodium succinate) as soon
as possible after an astronaut inhales a chemical agent, and instilled in
his nose (ﬂ. , 1 percent hydrocortisone acetate) after irrigation. An oral

steroid (e.g., methylprednisolone) might be given for several days to

serious cases.

Control of nasal bleeding secondary to chemical damage can usually
be accomplished without any special treatment or with the very simplest of
measures. Since bleeding is most likely to occur from the anterior part
of the nasal septum, a cotton pledget should be placed in the front of the
nasal cavity and pressure applied to the nose to compress it against the
septum. Soaking the pledget with a vasoconstrictor, such as 1/1000 epine-
phrine, or the local application of a hemostatic agent, such as "'oxycel",
gelfoam' or topical thrombin might be required to arrest bleeding. Finally,
nasal packing is a specialized procedure which is rarely required for per-

(6)

sistent nasal bleeding

181



ose has been extensively denuded by a chemical,

If the lining of the n

the raw surfaces should be covered with petrolatum gauze to prevent the

formation of adhesions. This dressing should be changed every 2 to 3

days until the areas are re-epithelialized. A suitable broad spectrum

antibiotic should be administered by the oral or intramuscular route if

infection of damaged nasal or pharyngea.l tissues occurs. Finally, it

should be noted that an analgesic o

serious case of acute chemical rhino-pharyngitis.

r sedative drug might be required bya

Intranasal Foreign Body

An astronaut could inhale a non-chemical particle which, because of

its size and shape, might become impacted in the nasal cavity rather tha
being expelled by sneezing or escaping in secretions. Food, metal and
plastic particles are examples of such possible for eign bodies.

A small smooth foreig.n body in the nasal cavity could give little or
no discomfort (29). As a result, its presence might remain undetected
until ulceration of the nasal mucosa occurs from mechanical and possibly
some chemical irritation. The clinical manifestations of mucosal involie
ment may appear from days to weeks after the foreign body enters the
nose. They are characterized at first by a unilateral serous discharge,
then an odorous, purulent discharge. Blood streaking of the dischargea
frank bleeding could occur.

No foreign body shouid be allowed to remain in an astronaut's nasal
cavity, for it could produce necrosis and secondary infection of nasal
tissue or be aspirated into his lower respiratory tract (6). With good
illumination and a nasal speculum, either the foreign body itself or anac
cumulation of secretion at its site of location will be seen. Better visuak
ization and possibly facilitated removal of the foreign body might be accor
plished by shrinking the nasal mucosa with a topical vasoconstrictor, sud
as 1/1000 epinephrine (29)siopnis majority of foreign bodies in the nasal
cavity should be located in the anterior part of the nasal cavity or in the

inferior meatus along the floor of the nose. If ever possible in spaceé al

x-ray of the nasal passages for the location of a foreign body might on

occasion prove useful,
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An intranasal foreign body can be removed using an open-ended suction

tip or cotton-tipped applicator, a blunt bent probe and a suitable forcep,
such as an alligator forcep. Care must be taken to avoid pushing, or hav-
ing an astronaut inadvertently suck a foreign body into his pharynx, from
which the foreign body might be aspirated. Measures which might be taken
to control secondary bleeding are discussed above. A suitable broad spec-

trum antibiotic should be administered as indicated for infection.

Aspirated Foreign Body

The aspiration of a non-chemical particle into the lower respiratory
tract in space can lead to a number of serious clinical problems which have
been discussed so well in the vast literature on this area. Particular ref-
erence is made to the excellent reviews of Jackson and Jackson (285529; 30),

(24 25; 268 20) (Bt YalSiaysl 738, -39,

Hollinger and other authors

ithid 2o for greater detail than that to be presented below.

Generally speaking, both the clinical manifestations produced by an
aspirated foreign body and the times of appearance of these manifestations
are highly variable, depending in most cases on the site where the foreign
body lodges, the degrees of primary obstruction and irritation that it pro-
duces, and the length of time that it remains in the lower respiratory tract.
These factors are determined in readily apparent ways by the size, shape,
and chemicalv activity of the foreign body. It is also possible that an aspirated
foreign body in space could be microbiologically contaminated, and thus serve
as a nidus for infection.

In the light of the above considerations, it is understandable how a non-
irritating, non-obstructing foreign body such as a smooth particle of an
inert metal, glass, or plastic can remain lodged for months to years in the

B o . : 5
lower respiratory tract without giving rise to clinical manifestations ( !

44). In the majority of instances, however, the consequences of obstruction
of the laryngeal, tracheal, or bronchial passages by a foreign body ensue.
Signs and symptoms may appear immediately if obstruction of a passage is
complete. They may present after a quiescent period of days to weeks during

which, through mechanical and chemical irritation, the foreign body causes
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perfects the occlusion of the passage.

ed mucosal swelling that

eristically,the delayed perio
for all vegetal substances irritate the respiratory

localiz
Charact

vegetal foreign bodies,
cosa by chemical action,

ds are shortest in cases of aspirateqd

producing a violent laryngotracheo-

tract mu 4)
. On the other hand, clinical map.

bronchitis and obstructive swelling

from aspirated metallic foreign bodies often take many weeks f

festations
even if these foreign bodies are initially rough

many months to appear,

ve or becomeé SO by corrosion, Or produce some chemical

and obstructi

irritation through corro sion.

A foreign body in the larynx of an astronaut will produce paroxysms

violent coughing, gagging, choking and wheezing. An obstructing foreign

ediate death unless coughed out. Lodgment of a non-

body may cause imm

obstructing foreign body can produce any one or more of the following

signs and symptoms: hoarseness, Croupy cough,
and a subjective feeling of the presex

stridor, wheezing,

dyspnea, pain, aphonia, hemoptysis,

of the foreign body in the larynx. Often a small non-obstructing foreig

body may become asymptomatic for a period of time.
lly dangerous, however, for secondary

Any foreign body

remaining in the larynx is potentia
inflammation can produce fatal edema of the larynx, and secondary infectie
can destroy laryngeal tissues and lead to grave consequences by spreadiy
out into the tissues of the neck and down into the mediastinum.

The presence of a foreign body in an astronaut's larynx is in most
cases apparent from his history alone. Confusing the diagnosis, however,
might be laryngeal symptoms per sisting from trauma caused by a foreign
body that has passed on into deeper respiratory and food passages, or by

one that has been coughed out. Therefore, indirect laryngoscopy and

rarely, if possible on board the spacecraft, an x-ray are required for ¢
rume

firmation. Since direct laryngoscopy requires special skills and inst
and often general anesthesia, this procedure is not considered possible®
space in the foreseeable future. It should be remembered that a foreign
body which is not found in the larynx could be resting temporarily in
deeper respiratory passages without producing symptoms.

A non-obstructing foreign body in the larynx is usually coughed ouf
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The simplest maneuver, such as a slap on the back dur-

within minutes.
ing an expulsory effort, may sometimes assist to dislodge a foreign body (38)_
If an astronaut's larynx is obstructed or suffocation is threatening, an
immediate tracheostomy must be performed. It is pointed out that if this
surgical procedure cannot be performed immediately, life-sustaining ven-
tilation of the lungs can be achieved temporarily by inserting a large-bore
needle (e.g., 16 gauge needle) through the cricothyroid membrane. If efforts
at expelling a foreign body are unsuccessful, it should be withdrawn as soon
as possible with suitable forceps and indirect laryngoscopy. This

procedure is render ed comparatively easy if a suitable topical anesthetic,
such as 10 percent cocaine or 2 percent xylocaine, is applied to the laryn-
geal mucous membrane, epiglottis and base of the tongue prior to attempt-
ing removal. It is possible that disimpaction and possibly removal of a
foreign body might be carried out by way of a tracheal -wound previously
made for the relief of airway obstruction. Extreme care must be taken to
prevent a foreign body in the larynx from being dislodged during removal
and entering the deeper respiratory passages. Other possible measures
in the treatment of a foreign body in the larynx in space are supportive.
A broad spectrum antibiotic may be indicated if infection ensues. If the
foreign body cannot be removed in space, a more permanent tracheostomy
might be required until direct laryngoscopic removal can be performed on
Earth. Measures might be needed for post-hypoxic cerebral edema result-

ing from the temporary asphyxia (Chapter 1

Usually a foreign body in the trachea initially produced paroxysms of
coughing as well as one or more of the following manifestations: a chronic
cough, hoarseness, dyspnea, cyanosis, and a slapping feeling on inspiration
and expiration. A large foreign body may completely obstruct the trachea

and, in spite of possible immediate attempts to remove the foreign body

through a tracheostomy wound, may cause death in a few minutes. A for-

eign body remaining in the trachea is potentially dangerous. Irritative

inflammation, especially from vegetal foreign bodies, can result in fatal

obstructive swelling or severe laryngotracheobronchitis. Secondary infection
may produce a fatal mediastinitis or pneumonitis.
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y of initial choking, gagging, and wheezing will

is of a foreign body in the trachea. The patho-

1f elicited, 2 histor

be helpful in the diagnos
reign bo
1palpable thud! felt over the larynx, created as

gnomonic signs of a fo dy in the trachea are an "audible slap"

heard at the mouth and 2
apped at the
g8~ ) 30). A wheeze is usually heard when the

the foreign body is tr larynx by the vocal cords during a cough

or forced expiration

foreign body lodges somewhere in the trachea and becomes stationary.

1f ever possible on board the spacecraft, an x-ray might make or confirm

the diagnosis.

A non-obstructing foreign body in the trachea is often coughed out with-

iy minutes. This might even be more the case in the absence of gravity

which tends to pull 2 foreign body back down into the trachea. The removal

of a tracheal foreign body should be attempted immediately through a trach- .

eostomy wound if it is obstructing or threatening suffocation. Br onchoscopic
removal is a highly skilled procedure which will probably not be performed |
in space in the foreseeable future. Removal of a tracheal foreign body
might be attempted through a tracheostomy wound if expulsory efforts

fail and if it is thought that disastrous sequelae could occur prior to return-
ing to Earth. Otherwise, only supportive forms of therapy, such as a
broad spectrum antibiotic for infection and an antitussive agent for chronic

cough, might be given. Measures might also be required for post-hypoxic

cerebral edema resulting from temporary asphyxia (Chapter 1).

The initial symptoms produced by a foreign body in a bronchus are
coughing, asthmatoid wheeze and others mentioned above. At once or after
a symptomless interval, a productive cough, blood-str eaked sputum,
metallic taste, odor of the foreign body, fever, and malaise may be present
due to decomposition of the foreign body and the pathologic sequelae it pro-
duces. As was pointed out above, non-obstructing relatively inert foreign
bodies can be asymptomatic for weeks, months, or even years. On the
other hand, obstruction of a bronchus is followed by atelectasis of the por-
tion of the lung supplied by the bronchus,after which suppurative manifesta-
tions such as lung abcess, empyema, bronchiectasis, and pneumonia might

ensue. Such sequelae can also result from prolonged partial obstruction
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from swell
the site of the foreign body
re markedly irritating by chemical action. They produce a

It is pointed out again that vegetal for-

eign bodies a

violent 1aryngotracheobronchitis with signs and symptoms of toxemia,

cough, dyspnea, cyanosis, and irregular fever. Finally, a sharp foreign

body or one that produces an obstructive emphysema can cause a disrup-

tion of pulmonary structure, with complications such as a sudden pneumo-

ema extending often into the neck, or acute

thorax, mediastinal emphys
729

mediastinitis being possible
The diagnosis of a foreign body in a bronchus of an astronaut will in

most cases be made from the initial symptoms and the physical findings to

Occasionally, however, the diagnosis might only be

ful history, for manifestations

be outlined below.

based on a high index of suspicion and a care

produced by the foreign body may not appear until long after an episode of

2t which time the possibility of a foreign body passing

If ever possible in space, an x-ray

choking or coughing,

into a bronchus was not considered.

would be valuable not only in making or confirming the initial diagnosis

but also for diagnosing sequelae and the response of these sequelae to

therapy. The physical signs will vary with the conditions present in

different cases and at different times in the same case. Secretions, both

may shift from one location to another. The foreign

o a lung or

normal and pathologic,

body may change position, admitting more, less, or no air int

It may shift to a new location in the same lung or even in

lung segment.

The signs of diagnostic importance are chiefly those of

the other lung.
They are classically described

partial or complete bronchial obstruction.

as follows (29, 30, 42'):

If obstruction is partial, there is usually a persistent
sonorous rhoncus, more conspicuous during expira-

tion. In cases with equal air entry and air exit past

the site of the obstruction, a rhoncus and occasionally
a small patch of rales over the position of the foreign
body may be the only signs. In cases with inadequate
air entry but adequate air exit, partial collapse of the

iated with dullness, diminished

lung occurs, assocl :
breath sounds and rales. In cases with adequate air

entry but inadequate air exit, obstructive ern];?hysema
is produced, with hyper-resonance and diminished
breath sounds being noted over the involved lung.
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