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ABSTRACT

This paper reviews the exchanges of water in normal man and
considers the control of body water content. The following subjects are
presented in some detail: insensible water loss from the skin and to the
expired air; non-thermal, or psychogenic sweating; thermal sweating as
influenced by metabolic level, environment, and other factors.

The unexpected finding of weight loss in all manned flights, which is
some 2-5% of body weight and is not affected by flight duration, may be a
response to weightlessness causing a readjustment of body water.

Medical problems considered are heat storage and heat exhaustion,
dehydration and skin hygiene. Operational problems discussed include water
supply, mild dehydration and environmental stress indices.

Research is needed to clarify the mechanism of the weight loss of
space flight and its effect on performance. A method of determining body
mass should be developed. A specific thermal stress index is needed for
space suit and space cabin use. We need better definitions of water require-
ments, and better definitions of the effects of mild dehydration.
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HUMAN WATER EXCHANGE IN SPACE SUITS AND CAPSULES

SCOPE

This is an analytical report of human water production in space suits
and in sealed capsules, written to aid in solving operational problems of
manned space flights. A summary of the rich physiological literature on
human water loss leads to an analysis of water loading in space vehicles and
pressure suits.

STATEMENT OF THE PROBLEM

Water vapor is a fundamental constituent of the artificial atmosphere
in space cabins and suits, which, although a relatively small portion of the
gas mixture, is a critical element to be precisely controlled (Webb, 1965).
Man is the source of water, and a highly variable source. Man is also
threatened by high humidity in sealed environments. Failure to remove water
vapor as fast as it is added in comfortably warm temperatures leads quickly
to such high vapor pressures that the man is unable to lose body heat, and he
is in danger of excessive heat storage.

While much is known of man as a source of water and of his processes
of losing heat, the rapidity of humidity change in small sealed spaces during
characteristic space activities makes it important to re-analyze what is
known in the context of space flight.

To define the situation accurately, we have scanned the physiological
and aerospace literature for data on human water loss, water loading on
environmental control systems, water production in response to need for
dissipating metabolic heat, insensible loss (diffusion through the skin and
evaporation in the respiratory tract), and problems of water balance in
weightlessness.

BODY WATER AND ITS REGULATION

In the adult man, water is approximately 60% of the lean body mass.
Figures vary according to different authors, thus Moore et al (1956) find a
range of 50%to 60%, Goldberger (1962) uses 60%, and Stevenson (1965) places the
value at 70%, as does Gamble (1950). The water content of the body varies
with age, that is, a lower percentage of body weight is water in children and
old people; however, some of this may be from the varying fat content rather
than a ratio of water to lean body mass. Obese people, of course, have a
much smaller percentage of water to total body weight, but approximately the
same water content as other adults if measured against lean body mass.



Body water is found in the cells of the body, around the cells, and in
the blood vessels and lymphatic vessels. Each of these sites or compartments
contains a given proportion of the total body water, with a division as follows:
2/3 of the total body water is in the cells (approximately 40% of lean body
mass); 1/3 of the total body water is extracellular (approximately 20% of lean
body mass), of which 1/4 is in blood plasma and lymph (5% of lean body mass)
and 3/4 in tissue fluid lying between the cells but outside of blood and lympha-
tic vessels (15% of lean body mass).

Water moves freely between the three compartments--blood and lymph,
interstitial (tissue) fluid, and intracellular fluid. This movement is controlled
by the osmotic pressure found on each side of the separating membrane of the
cell wall or the capillary wall. Water moves in response to a change in con-
centration of the osmotically active material in each compartment.

The ''chemical anatomy'' of the various fluid compartments, and also
the chemical anatomy of sea water, are shown in Figure 1, a classical chart
from Gamble (1950). The chart shows relative values for the various cations
and anions in chemically equivalent terms, that is in milliequivalents per litre.
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Figure 1. Chemical anatomy of body fluids, and of sea water,
from Gamble (1950),



In terms of osmolarity, the values for the three body fluid compartments are
approximately equal, while that of sea water is greater. (The similarity be-
tween the constituents of sea water and those of body fluids is intriguing, and
many people speculate that body fluids are essentially sea water of the concen-
tration that prevailed at the time land animals evolved from the sea.)

Osmotic pressure in the intracellular fluids can be seen to come
mainly from the cation potassium (K') and the anions of phosphate (HPO;) and
protein (Pro”). The osmotic pressure in extracellular fluid is mainly from
the cation sodium (Na™) and the anions of chloride (C17) and bicarbonate ([-ICOg).
When water comes into the extracellular fluid from the blood, as occurs for
example when water is absorbed from the intestine into the blood stream, ions
in the blood are diluted, making an osmotic imbalance between the blood and
the extracellular fluid; water moves from blood to extracellular fluid, making
an osmotic imbalance with intracellular fluid. Water then moves into the cell
to balance the osmotic relationship between extracellular sodium and intra-
cellular potassium. Conversely, decreased water in extracellular fluid, as
might occur in dehydration from sweating or diuresis, causes a concentration
of sodium in the extracellular fluid and water moves out of the cells to balance.

Fluid movement from the capillaries of the blood vessels to the extra-
cellular fluid is under the control of the effective osmotic pressure across the
capillary membrane, which is additive to intracapillary fluid pressure and
tissue distortion pressure. Here, however, the important solute is the
plasma protein which does not move across the capillary membrane under
normal circumstances. The concentration of proteins in the blood is greater
(7 grams per 100 grams of plasma) than the protein content of interstitial
fluid (1 gram per 100 grams of interstitial fluid). The other electrolytes are
fairly well balanced so that there is a higher concentration of water in the
interstitial fluid than in the plasma, and thus osmotic pressure tends to move
water from the interstitial fluid into the capillary. In the capillary, however,
the arterial end has a fairly high hydrostatic pressure from the pumping
action of the heart, while the venous end of the capillary has a very small
hydrostatic pressure. The combined hydrostatic and osmotic pressure at the
arterial end of the capillary is sufficient to cause plasma fluid without protein
to move out of the capillary into the tissues, while at the venous end tissue
fluid without protein moves into the blood plasma. This fluid movement in
and out of the capillary aids in conveying food and other materials into the
tissue and also in removing metabolites and waste materials from the tissues
back into the circulating blood stream. The solutes move principally by
diffusion along concentration gradients across cell membranes, but bulk

transport helps.



The internal water balances between the three body compartments are
very much influenced by the continual and necessary exchange of water between
the man and his environment. There are continuous and obligatory losses of
water from the body in the urine and feces, and from the skin and respiratory
tract. These losses are necessary for carrying away waste products and
also for temperature regulation. These losses must be made up by water
taken in as liquid or as water in food or as the water produced chemically in
the metabolism of food. Imbalance over a long enough period of time will
produce dehydration, which has serious clinical consequences, or a water
excess (overhydration) leading to edema.

Water exchange in the intestinal tract is also sizable. In addition to
the water ingested with food or as liquid taken in, a great deal of water is
secreted along with digestive enzymes into the mouth, stomach, and intestines;
water is re-absorbed later in the large intestine, with a small residue coming
out in the feces.

Figure 2 is a diagrammatic summary of the water exchanges between
man and his environment. Notice that the diagram shows the alimentary tract
as being "outside' the body, and that large quantities of fluid move in and out
of the alimentary tract during the course of a normal day. The diagram also
makes it clear that vomiting or diarrhea would result in large losses of fluid
as well as electrolytes. If either of these conditions persist, water balance
is seriously upset.

Water is absorbed through the walls of the stomach and small intestine
at rates usually estimated at 10-20 ml/min. This absorbed water is taken
into the portal veins which drain the gut, and thence to the liver. Recently it
has been shown that the liver may have an important role in preventing
immediate diuresis from a flooding of the general circulation with hypotonic
venous blood; it may act as a capacity tank which releases absorbed water
more slowly than it is taken up by the portal circulation. This concept of the
role of the liver in osmoregulation is advanced by Haberich (Haberich et al,
1965), a view he supports with nice experimental evidence. He postulates that
the osmoreceptor mechanism in the portal circulation (including the liver) may
represent a first line of defense against gross disturbance of water balance
(prevention of diuresis) during water absorption from the gut, a mechanism
which responds before the osmoreceptors of the brain (Verney, 1947-1948)
become involved. Haberich suspects the liver releases a humoral agent which
controls water output by the kidney.

For the purpose of this report, the main concern is with water balance
between the normally functioning man and his environment, That is to say, we
can assume that water absorption and other exchanges in the intestinal tract
are proceeding normally in space flight, and the movement of water from



plasma to interstitial fluid to intracellular fluid is undisturbed. Exceptions
would be medical conditions including vomiting, diarrhea, increased capillary
permeability, and thermal stress sufficient to reduce the splanchnic

circulation.
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Kidney reabsorption 170,600
Bowel reabsorption 9,600
TOTAL 182,600

Diagram of water exchanges between man and environment.




The exchange of water with the environment can be depicted as a
balance as shown diagrammatically in Figure 3. In this diagram a standard
value for daily water intake and water output is shown in large numerals and
beside each value is shown a range of high and low values which may occur
under certain conditions. As the diagram suggests, if intake exceeds output
water accumulates and it may cause accumulation of excess water in the tissue
spaces, which is edema. Death can result from water intoxication. Conversely,
if water loss exceeds water intake a deficit begins, and as it accumulates, pro-
gressively severe symptoms from dehydration appear and lead ultimately to
death. The pointer scale on the diagram is marked in terms of percent of
body weight either gained or lost.

WATER BALANCE

DEy
WA ¥p
T -] ®4 710y
» \9 Nl l [FL250 15 -2 oeq
[ A /25
» \ / e,
\ GAIN LOSS 4
(% of body weight)
URINE 1400 ml (500-9,000 m!)
LIQUID INTAKE 1500 ml (500-12,000 ml) FECAL WATER 100 ml (50-250 ml)
WATER IN FOOD 600 ml (350-660 ml) INSENSIBLE WATER 900 ml (300-1500 ml)
METABOLIC WATER 300 m| (280-320 ml) SWEAT 0 (0-10,000 ml)
TOTAL 2400 ml TOTAL 2400 ml
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Figure 3. Diagram of normal water balance.

The control of water intake in man is apparently a response to early
deficit signaled by a sensation of thirst. Thirst as a topic has been discussed
in great detail in two books, one by Wolf (1958) and the other a symposium
edited by Wayner (1964). There are four mechanisms which physiologists
identify as causing the sensation of thirst, These influences are:

1. Sensations of dryness from the mouth and throat which serve

as a stimulus to cause a behavioral response of finding and
drinking water.

2. Deficit of water in deeper tissues, and possibly all cells of the
body, evoking the sensation of thirst. In this category are the
"osmotic factors' of Wolf (1958).




3. Receptors in the central nervous system which are specifically
responsible for the sensation of thirst and produce the drinking
response. The site of these sensors is thought from animal
experiments to be in the lateral hypothalamus (Stevenson, 1964;
Stevenson, 1965). Other parts of the central nervous system have
also been implicated.

4. Decrease in body fluid volume (Smith, 1957; Henry et al, 1956;
Weston et al, 1953).

Whatever the mechanism or mechanisms for the regulation of water intake,
it or they operate efficiently in healthy people to maintain body water content.
In manned space flight, as experienced by both the USSR and the USA, a con-
sistent weight loss, approximately 2-5% of body weight, has occurred in
every astronaut or cosmonaut. Similar weight losses have been reported
from some of the space cabin simulation work done at the USAF School of
Aerospace Medicine. Since water was freely available to these men, there
remains an intriguing question of why they did not respond to the weight loss
(water loss) by drinking. This will be considered in the section on Weight
Loss in Space Flight.

The control of water output is complex and not always related to the
water economy per se. If the body is to get rid of potentially toxic waste
materials as they are accumulated from metabolism, the excretion of urine
must continue even when dehydration has developed. The insensible loss of
water in the expired air and by diffusion through the skin is obligatory in
most environments and not subject to control by physiological mechanisms.
Finally, sweating in response to the need to dissipate body heat takes prece-
dence over water economy, so that sweating is frequently the cause of serious
dehydration. Each of these pathways for loss of water will be discussed in
greater detail.

INSENSIBLE WATER LOSS

A definition of insensible water loss as used in this report is water
loss from the skin by diffusion, and water loss in the expired air. Specifi-
cally excluded in this definition are two components which are sometimes in-
cluded in the terms "insensible weight loss' or "insensible water loss''; one
of these is the weight loss represented in the greater weight of carbon dioxide
produced compared to the weight of retained oxygen. At a standard respira-
tory quotient (R.Q.) of 0.82 this difference in weight amounts to approximately
50 grams per day. The other loss which is excluded in our definition is water
produced by the sweat glands which evaporates from the surface and is not
visible or ""sensible.! All sweat losses we include in the sections on non-
thermal sweating and thermoregulatory sweating. The practice of including



this unnoticed sweat has its origin in work by Sanctorius (1720) who made
careful weighings of his bodily change over 24-hour periods; he coined the
term insensible perspiration. Other authors (Lavoisier, 1790; Lombard,
1906; Benedict and Root, 1926) continued to use the term insensible perspira-
tion to include all body weight changes exclusive of those from elimination or
from frank sweating. In this report the more rigorous definition of insensible
water loss is used; again, it includes only cutaneous diffusion and respiratory
loss. These two avenues of insensible water loss are discussed separately.

Diffusion Through the Skin

Water diffuses through the skin into the adjacent atmosphere at a rate
which is determined by the difference in vapor pressure under the skin and in
the ambient air, and limited by the diffusion resistance of the epidermis as a
barrier. Knowledge of the rate of diffusion comes from several experimental
approaches. These include measurement of diffusion from samples of excised
human and animal skin placed over beakers of water, measurements of water
transfer into capsules fixed over living skin, and measurements of total
weight change in living subjects in whom sweating is either prevented or is
excluded from the weighting.

The chief influence on the rate of diffusion across the skin is the vapor
pressure gradient. The low end of the gradient is determined by the vapor
pressure of the surrounding atmosphere, while the high end of the gradient is
determined by the vapor pressure of the water in tissue under the skin at the
prevailing skin temperature. In other words, as atmospheric vapor pressure
increases the diffusion rate becomes less and less until it stops. Buettner
(1959) has shown that no net diffusional transfer occurs when the ambient
vapor pressure equals 90% of the saturation vapor pressure at skin tempera-
ture, which is one way of defining the diffusion resistance of the skin.

If the data of Buettner are combined with those of Brebner et al (1956)
and Webb et al (1957), the relation between rate of water loss as a function of
vapor pressure gradient can be shown in a single figure--Figure 4. Buettner's
experiments were done on small areas of skin covered by capsules in which
humidity was controlled. Brebner et al used intact human subjects in cool
temperatures so that the skin was not sweating; they took the added precaution
of covering the face, hands, feet, groin, and axillae with impermeable film to
eliminate the possibility of non-thermal sweating altering the results. The
experiments of Webb et al were done in subjects who were given massive doses
of atropine to prevent sweating despite environmental conditions which caused
the skin temperature to vary from low to high.
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Figure 4, Diffusional water loss through the skin as a function of vapor pressure gradient.

The data plotted in Figure 4, and the derived equation for the curve
relating cutaneous diffusion to vapor pressure gradient are very nearly
matched by the findings of three other authors--Hale et al (1958); Ohara and
Ono (1963); and Zollner et al (1955). In these three studies, however, no
attempt was made to exclude the possible contribution of sweat glands from
the observed rates of water loss. Ohara and Ono showed, on a single subject,
that rates of "insensible perspiration' vary widely over the body surface.
Their data show that most skin areas produced water at rates from 10-17
gms/mzhr. Higher rates, from 27-57 gms/mzhr, were measured from the
palms, soles, neck, and face. These are the very areas where non-thermal
sweating is expected, and the authors themselves point out that sweat gland
activity is probably included.



The data may be presented in a different way, perhaps more usefully.
Figures 5 and 6 show, respectively, the weight loss by diffusion through the
skin when the ambient vapor pressure is fixed at 10 mm Hg (a nominal value
for spacecraft atmospheres) and the skin temperature varies from 29°C to
352EE and'weight loss at a fixed skin temperature of 33° C (the nominal com-
fort skin temperature at rest) when the ambient vapor pressure varies from
0 to 25 mm Hg.
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Figure 5. Diffusional water loss through skin as a function
of skin temperature, at ambient vapor pressure
of 10 mm Hg.
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Figure 6. Diffusional water loss through skin as a function
of ambient vapor pressure at a fixed mean skin
temperature of 33° C.
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There is an additional factor in spacecraft environments which influ-
ences the rate of diffusion of water through the skin. This is the variation in
barometric pressure, which may range from 1 atmosphere to 1/3 of an atmos-
phere. The best experimental data on the effect of pressure on diffusional loss
are those of Hale et al(1958). Their subjects were maintained with comfortable
skin temperatures between 34.5°C and 35.5° C and exposed to vapor pressure
of 6, 16, and 26 mm Hg in combination with barometric pressures of 1 atmos-
phere, 2/3 atmosphere, and 1/3 atmosphere. The average data for all three
vapor pressures showed rates of water diffusion of 10 gms/m2hr at 1 atmos-
phere, 13 gms/mzhr at 2/3 atmosphere, and 16 gms/mzhr at 1/3 atmosphere.
A similar increase in diffusion rates was observed by Webb et al (1957) in
their atropinized subjects, when exposed to low pressure in an altitude cham-
ber; there were not sufficient data, however, to warrant publication. The
explanation would seem to lie in a change in the diffusion resistance of the air
layer next to the skin. Diffusion is inversely proportional to the square root
of pressure (Berenson, 1965).

The rate of water loss by diffusion through the skin is small compared
to the other avenues of water loss from the body. But in making calculations
for space flight even these small numbers assume importance when flights of
many days are planned and when the total water economy of the hermetically
sealed space cabin must be accurately known. Two examples follow which
illustrate how useful a knowledge of the variation in the rate of diffusional
loss may be.

In experiments in a space cabin simulator conducted by the Air Force
School of Aviation Medicine, Morgan et al (1961) observed progressive weight
loss over periods of 17 and 30 days when two subjects were exposed to alti-
tudes of 18,000 and 33,500 feet. The weight losses were between 95 gms/day
and 121 gms/day. At the same time there was a decrease in the estimated
body water and plasma volume. There was no evidence of diuresis or any
change in renal function. One possible explanation which did not occur to
these authors was that the diffusional component of cutaneous water loss in-
creased as a result of the reduced barometric pressure, and that this in-
creased loss was not sensed and compensated for by drinking. A change in
insensible water loss of only 5 gms/hr would amount to 120 grams of water
loss per day, enough to equal the observed change in body weight during the
experiments. This may be the route by which water was lost, but it does not
explain why the subjects failed to make up for this small daily weight loss by
drinking extra water. Water was freely available at all times. Speculatively,
the water loss may have been more related to an adjustment in body water
content as a result of the relative confinement and inactivity. Such changes
have been reported for studies of bed rest, water immersion, and weightless-
ness, as will be discussed in the section on Weight Loss in Space Flight.
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The question of increased water loss at reduced barometric pressure
was raised by Miller (1962) when he observed that a subject wearing a new
type of full pressure suit (the Litton Industries hard-shell suit) produced
water at the rate of 270 to 530 gms/hr in an environment of dry oxygen at
approximately 1/3 atmosphere pressure. The increase in cutaneous diffusion
would account for 20 to 30 gms/hr. It seems likely that the metabolic cost of
operating in the suit was high enough to require some thermal sweating to
maintain thermal balance, even though this might not be detected by the sub-
ject as sweating. The conditions for evaporation were certainly good--dry
oxygen at 5 psia circulated through the suit at a rate of 15 cfm. The increased
weight loss could be explained too on the basis of sizable non-thermal sweat-
ing, which also seems likely. It was unnecessary for the author to invoke
some new factor to explain his observations.

Respiratory Water Loss

The loss of water from the respiratory tract is, like diffusion through
the skin, a small part of the total water economy. It amounts to approximate-
ly 20 grams of water per hour under normal resting conditions. The source
of greatest variation in this figure is the quantity of gas exchanged in the
respiratory tract per minute, the respiratory minute volume. Also modifying
the water loss is the water vapor content in inspired gas and the small but
significant variation in water vapor in the expired gas.

Water is lost to the expired air when dry inspired air is warmed and
moistened by passing over the linings of the upper respiratory tract. This
process is essentially complete in the first ten centimeters of travel in the
nose, mouth, and nasopharynx (Seeley, 1940, and Webb, 1951). There is
little doubt that warming to body temperature and saturation of inspired air
are complete as the air moves into the bronchial tree and finally the alveoli.
It is not correct, however, to assume that the expired air exits from the
respiratory tract at body temperature and saturated. As the expired air
moves from deep to shallow portions of the respiratory tract a certain amount
of cooling takes place, and with cooling the saturated air must lost water if
it is not to become super-saturated. No one has yet been able to demonstrate
consistent super-saturation in the upper tract.

The magnitude of the cooling of expired air is not great in comfortable
temperatures. It is greatest when the inspired air is very cold and dry.
Even when air is warmer than body temperature and dry, expired air at the
portal of the respiratory tract is lower than body temperature (McCutchan
and Taylor, 1951). Good experimental data are available in the literature for
air temperatures down to =40° C (Webb, 1951, and Webb, 1955) and for tem-
peratures up to 88° C (McCutchan and Taylor, 1951), and one can distinguish
between respiratory water loss and sensible heating or cooling. For present
purposes we will look particularly at data for men in the temperatures,
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humidities, and barometric pressures, and for the activities which are
expected in the space cabin or space suit environment.

A simple expression for the water lost in expired air is:

where Q, is water lost in gms/min, VE is respiratory minute volume in

liters/min, Qe is water content of expired air in gms/liter, and g is water
content of inspired air in gms/liter.

The major cause of variation in respiratory water loss is change in
respiratory minute volume, which varies with activity level or metabolic rate.
Values for respiratory tract heat loss in men working at various tasks in the
field under subarctic conditions were shown to be directly predictable from
data taken from resting men, when the respiratory minute volume——VE—— was
measured (Brebbia et al, 1957). In other words, if the expired air tempera-
ture is either measured, or calculated from the data from Webb (1955), the
respiratory tract water loss can be estimated accurately for any given ventila-
tion rate. In Figure 7, the data of Brebbia et al (1957) are summarized show-
ing respiratory water loss in gms/hr as a function of respiratory ventilation

rate for cold dry air (vapor pressure less than 3 mm Hg, air temperatures
-20 to -30° @)t

80
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Respiratory Ventilation Rate--liters/min

Figure 7. Respiratory water loss as a function
of respiratory ventilation rate.
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Figure 7 also shows data for respiratory water loss as a function of
respiratory minute volume for a group of subjects breathing warmer air
(4.4°, 24°, and 35°C) at a series of vapor pressures ranging from 6-27 mm
Hg. In this study by Wortz et al (1964) subjects were connected by an instru-
mented mouthpiece to a supply of conditioned oxygen and exposed to sea level
pressure and pressures of 7.0 and 3.5 psia. The subjects were either stand-
ing at rest or marching on a treadmill at 2 mph or 4 mph with zero grade.
The same data have been expressed also as respiratory water loss as a
function of metabolic rate. This is shown in Figure 8 (AiResearch, 1965).

The study of Wortz et al (1964) verifies that changes in barometric
pressures per se do not cause changes in expired water vapor. They did
notice a diminution of expired air water loss due to a decreased mass of air
respired per minute at altitude. They also noticed a relatively small effect
of the temperature of inspired air on the respiratory water loss. This is con-
sistent with the cooling effect of inspired air on the temperature of expired
air as demonstrated previously by Seeley (1940) and Webb (1955)

The effect of cold inspired gas on the expired air temperature is more
clearly seen when the inspired gas temperature is very low. The relationship
is expressed in Figure 9 from Webb (1955). Again the importance of the in-
formation in the figure is that expired air does not exit at body temperature,
and the lower the expired air temperature the lower the water content. There
continues to be argument about whether expired air is saturated, but it
appears safe to say.that it is saturated at the known or measured expired air
temperature, except for the condition of extremely hot inspired air.

In summary, expired air water loss is primarily a function of the
respiratory minute volume (or metabolic rate), and usable values can be
found from Figures 7 and 8.
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Figure 9. Expired air temperature as a function of inspired air temperature.
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NON-THERMAL (PSYCHOGENIC)SWEATING

Activity of the sweat glands is usually thought of as thermoregulatory.
However, it is common experience that the palms of the hands and the soles of
the feet are moist when one is comfortable or cool. Students are familiar with
sweating in response to an imminent examination; the "cold sweat'' of fearis a
perfectly real phenomenon. Kuno (1956) reviewed the subject and showed that
the palms, soles, and axillae were the principal sites for non-thermal sweat-
ing. He mentions increased CO, and low blood sugar as conditions other than
psychological which produce non-thermal sweating, and both of these can occur
in space flight.

Quantitative data on non-thermal, or psychogenic, sweating are diffi-
cult to come by. What data exist will be summarized in this section. The
topic is relevant to manned space flight in that astronauts are certainly ex-
pected to be keyed up, excited, possibly anxious at times, and certainly alert
and striving during critical moments of the flight. These are all situations in
which psychogenic sweating would be expected to increase. For our purposes,
the important question is to what extent this kind of sweating will represent a
load on the spacecraft cooling system or on the cooling system carried by an
astronaut performing extravehicular activities.

To begin with, there are two distinct varieties of sweat gland, the
eccrine sweat gland normally responsible for the production of water on the
skin for cooling purposes and also primarily involved in non-thermal sweating,
and the apocrine glands, which are histologically different and of limited
distribution.

Apocrine and Eccrine Glands

Apocrine glands are found in man in the axillae, around the nipples,
and in the groin. Apocrine glands are thought to arise in association with
hair follicles, while eccrine glands arise from skin structures. Man is differ-
ent from most animals in that most of his sweat glands are eccrine in nature
while the number of apocrine glands is very small and limited in distribution.
Most mammals, e.g. horses, cats, cattle, and camels have thermoregulatory
sweating from their apocrine glands. Dogs and cats have eccrine glands on
the hairless pads of the feet, but in these animals sweating is not an important
thermoregulatory mechanism. An intermediate animal is the ape in whom are
found apocrine and eccrine glands more or less equally distributed over the
whole body surface. Actually, the classical distinction between apocrine and
eccrine glands is not clearly maintained, as shown by Kuno (1956), and more
importantly they are functionally quite similar in that the same innervation
and the same physiological response can be expected from both varieties.
The histological distinction, which is not entirely true in man, rests primarily
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on the fact that the apocrine glands secrete a fluid which is high in colloid
content while the eccrine glands secrete a thin watery solution which contains
electrolytes and only a few colloids. Apocrine glands are found elsewhere
than in the skin; mammary glands are basically apocrine in character. The
distinction is that the apocrine is said to produce a fluid which contains some
part of the cytoplasmic content of the cell (Bloom and Fawcett, 1962). The
secretion of the apocrine glands in the skin is odoriferous and, according to
Kuno (1956), this secretion may be in some way related to sexual function.

Since apocrine and eccrine glands are similar in function and since
apocrine glands are rather small in number in the human, the remaining
discussion will not distinguish between the two.

Rates of Non-Thermal Sweating

The clearest experimental estimation of the quantity of non-thermal
sweating is in the report of Brebner et al (1956). These authors were inter-
ested in measuring the rate of water diffusion through the skin in cool envir-
onments where thermal sweating was absent. They found it necessary to
eliminate a number of skin areas while they followed the small changes in the
weight of nude men. This they did by covering with a plastic sheet the face,
hands, soles of the feet, axillae, and the groin. Air temperature ranged from
24° C to 29° C and skin temperature between 31.6°C and 34.5°C, By comparing
the rates of weight loss both covered and uncovered in these temperature
ranges, they found that their resting subjects produced between 80 and 220
gms/hr from the covered areas as compared to 20 to 40 gms/hr by diffusion
from the rest of the skin surface.

Most experimenters measuring weight loss continuously observe
sudden changes in weight loss associated with noise, conversation, stressful
experimental procedures, and other activities which provoke an emotional
response.

In the paper by Ohara and Ono (1963), 108 different skin areas were
measured for their rates of insensible perspiration'' by a capsule technique.
These authors used the old definition of insensible perspiration as including
any and all water produced from the skin whether by diffusion or from sweat
gland activity. Experiments on a single male subject in a comfortably cool
room showed a wide variation in water production from the areas sampled.
The soles of the feet, face, and palms, for example, produced water at
roughly five times the rate of the skin of the arms, trunk, and legs. Their
data from this experiment are shown in the following table:
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Rate of ''Insensible'

Numbers of Perspiration
Location Sampled Points gms/m2hr
Sole 5 57
Face 6 55
Palm 6 46
Neck 4 27
Back of hand 2 17
Gluteal region 5 16
Instep 2 15
Lower Leg 10 13
Back (scapular region) 7 13
Forearm (flexor side) 6 13
Brachium (extensor side) 4 13
Thigh (frontal) 10 12
Forearm (extensor side) 4 12
Shoulder 4 12
Back (lumbar region) 5 12
Epigastrium 6 11
Brachium (flexor side) 4 11
Chest 6 11
Thigh (back side) 6 10
Abdominal region 6 10

Source: Ohara and Ono (1963)

The standard values for ''insensible perspiration,' or weight loss from

the entire body on a daily basis, are derived from measurements of bodily
weight changes with sensitive blanaces. It is interesting to examine these
values to see how much of a component psychogenic sweating may have been.

Since most of these studies were done with men seated or lying at rest,
we can take as the water loss by diffusion through the skin the value 15 gms/
m2hr (see Figures 4, 5, and 6) and respiratory water loss as 12 gms/hr (see
Figures 7 and 8). Assuming a surface for the man of 1.8 m?2, the total loss of
water is 39 gms/hr or 936 gms/day (2.06 lbs/day). Comparing this figure
with the data for total body weight loss measured over fairly long periods of
time, the following table lists the usual rates for "insensible perspiration'’
and the difference between these values and 936 gms/day.
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Probable non-thermal
sweating (difference

Investigator Rate from 936 gms/day)
gms/day gms/day

Sanctorius - 1614 1400 464

Lavoisier - 1790 1333 397

Lombard - 1906 953 17

Benedict & Root - 1926 470-1060 ' none to 124

Kuno - 1956 994 58

' The estimates of insensible weight loss shown in this table are not
seriously disturbed by what is probably non-thermal sweating. However, in
estimates of men who are active and under the real stresses of space flight
it seems certain that non~thermal sweating will be present in good measure.

Mechanism of Action

A full discussion of the innervation and mechanisms of action of the
sweat glands may be found in Kuno (1956) and in Robinson (1949). Sweat glands
have cholinergic sympathetic innervation. It has been established that
acetylcholine is the transmitter substance to activate sweat glands. Sweat
gland activity is stimulated by injections of epinephrine (Sonnenschein et al,
1951), of mecholyl (Randall, 1946), of pilocarpine (Ogata, 1936), and by
acetylcholine. Sweating is blocked by atropine, as shown for example in the
study of Webb et al (1957). Atropine painted on the skin surface also blocks
sweating locally (Buettner and Holmes, 1959). There remains the possibility
that sweat glands are supplied not only with sympathetic nerves but also with
parasympathetic nerves or nerves from the posterior spinal roots.

This rich nervous supply to the sweat glands is part of the background
of sweating which is not related to the need for dissipation of body heat. Such
non-thermal sweating has been something of a "bother factor' in many experi-
ments where the mechanism of thermal sweating was being studied--see for
example Allen and Lyman (1962). The "state of arousal" and the activity level
in the reticular formation is known to affect many autonomic functions, and
sweating would seem to be no exception. Chalmers and Keele (1952) blame
emotional sweating on overactivity of sweating control centers.

One additional piece of evidence comes from the work of Van Beaumont
and Bullard (1963). These authors have reported that in a warm environment
sweating can be observed to begin within two or three seconds after the onset
of muscular work, which is far too soon to be explained by the need for dissi-
pation of increased metabolic heat. This suggests the presence of a neuro-
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THERMOREGULATORY SWEATING

Secretion of sweat for the purpose of providing cooling to the skin by
evaporation has a high priority in the body economy. Sweating continues during
dehydration as the body attempts to maintain normal temperature in working
men in the desert (Adolph, 1947). Sweating is a powerful mechanism for the
dissipation of metabolic heat and for the dissipation of heat gained from the
environment when air temperature is higher than skin temperature, or when
air temperature plus radiant heat load combine to produce heat gain. The
maintenance of homeothermy has a priority second only to maintenance of gas
exchange in the blood and tissues.

The rate of sweating when called for to maintain body temperature
varies from 0 to 1500 gms/hr (Robinson and Gerking, 1947), or in unusual
cases 2000 or 3000 gms/hr (Robinson, 1949). On a daily basis, sweat losses
as high as 20 lbs/day, or 9 liters/ day, have been observed by Adolph (1947)
in working men in the desert. This activity of the sweat glands is independent
of the water lost by respiratory exchange, by diffusion through the skin and
from non-thermal activities of the sweat glands.

Temperature regulation in man, mammals, and warm blooded animals
is a topic far too large for this report. Reviews and comprehensive summa-
ries of the many thousand reports in the literature may be found in the follow-
ing: Adolph (1947) Physiology of man in the desert; Burton and Edholm (1955)
Man in a cold environment; Hardy (1961) ''Physiology of Temperature Regula-

tion'"; Hardy, ed., (1964) Temperature; its measurement and control in
science and industry; Laddell (1964) "Terrestrial animals in humid heat;man'"};
Lee (1964) "Terrestrial animals in dry heat; man in the desert'; Leithead and
Lind (1964) Heat stress and heat disorders; Macpherson (1960) Physiological

responses to hot environments; Newburgh (1949) Physiology of heat regulation
and the science of clothing. '

Sweating as a thermoregulatory phenomenon is also a large topic. The
first comprehensive treatise is the classic monograph of Kuno (1934), which he
revised in 1956. Robinson and Rokinson (1954) reviewed the chemical compo-
sition of sweat. The books and reviews listed in the previous paragraph con-
tain summaries of much of the extensive literature on thermoregulatory
sweating.

In order to confine the discussion to manageable proportions, I have
chosen a small number of recent articles to illustrate the range of sweating
as a thermoregulatory response, and, particularly, I have chosen articles
which deal with sweat production in working men, since this is the subject of
greatest concern in designing for astronauts in pressure suits during extra-
vehicular duty.
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Initiation and Control

A brief review of the innervation of sweat glands was given in the last
section, in connection with the mechanism of action of non-thermal sweating.
Thermal sweating appears in response to thermal stress, whether the heat
has come from the environment, or the thermal stress comes from a restrict-
ed ability to dissipate metabolic heat. Sweating is control action taken when
heat must leave the body more rapidly in order to maintain a nearly constant
body temperature.

Among physiologists there is a running argument over the importance
of peripheral versus central thermal receptors to trigger the sweating re-
sponse. The basic arguments were summarized by Bazett and by Robinson in
Newburgh's book (Newburgh, 1949). Peripheral receptors sense increasing
temperatures or changing gradients from surface to deeper layers, and
initiate sweating. The hypothalamic centers for control of heat dissipation
act to increase or decrease sweating in accordance with the information from
peripheral receptors. In other words, the hypothalamus acts as a sensitizer
for the peripheral information. This is one major school of thought.

More recently two additional important hypotheses have been advanced.
Kerslake (1955) suggests on theoretical grounds that the control of sweating is
by the temperature of "deep skin receptors'' located at about the level of the
superficial vascular plexus of the dermis. Much experimental work can be
explained in terms of the hypothesis and so far no direct evidence against it -
has been found. The study of Blockley (1965) tends to bolster this view of
where the critical temperature lies, and the study of Robinson et al (1965)
showed that the variable best related to onset of sweating, its rate of increase
in hard work and its decline in recovery is the temperature of the blood in the
femoral vein. The other recent hypothesis is that of Benzinger (1959), who
attributed the initiation and quantification of sweating solely to the temperature
of the blood reaching the hypothalamus. After exploring a number of cranial
locations with temperature probes, in the paranasal sinuses and elsewhere,
he settled on measurement of the temperature of the eardrum as being closely
related to the temperature of blood reaching the hypothalamus. Benzinger's
work stirred up a good deal of discussion among environmental physiologists,
and many people added tympanic temperature measurement to measurements
in the more conventional sites in order to test the idea. It is fair to say at
this point that a good deal of experimental data both recent and classic cannot
be explained solely on the basis of a hypothalamic sensor (Benzinger's
"Thermal Eye'’). The importance of the hypothalamic center is not to be
denied; however, it does not act entirely alone.
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Once sweating is initiated for thermoregulatory reasons, the amount of
sweat required is graded in accordance to the need for dissipation of heat. The
pattern of recruitment of sweat glands has been studied most extensively by
Hertzman et al (1952), Hertzman (1957), and by Randall et al (1958). While
the particular pattern of recruitment of sweat glands is quite individual,
recruitment is by dermatomal segments, with the first areas being the limbs,
and, as the need for cooling increases, more and more glands are added until
both the limbs and the trunk are fully active. This pattern of increasing
activity of sweat glands is interesting in relation to the design of cooling
systems in space suits.

What conditions are associated with the onset of sweating? The answer
to this question is complex. In the physiology laboratory the answer is
usually given in terms of a measured mean skin temperature. For resting
man this is given by most workers as 34.5°C (95° F) (Robinson, 1949). This
skin temperature as the threshold condition for sweating holds true only for
inactive men who are essentially comfortable and who do not carry the residue
of a previous thermal stress. If the body heat content is high, the threshold
for sweating for resting men is lower. If one considers men who are active,
the greater the activity the lower the threshold skin temperature for the
initiation of sweating (Robinson, 1949; Benzinger, 1959; Blockley, 1965;
Macpherson, 1960; and Robinson et al, 1965). This relationship is clearly
seen in Figure 10.

The onset of sweating has been related to a measured internal body
temperature, particularly by Benzinger (1959). A major difficulty with this
approach is that the internal temperature at equilibrium (in which a man is
judged to be in thermal balance by constancy of surface and deep tempera-
tures) is known to vary with the metabolic rate. The higher the metabolic
rate, the higher the equilibrium internal temperature (Nielsen, 1938, and
Webb, 1964, page 110).

To be able to specify when significant sweating will appear in a given
practical situation, one would have to know the activity level of the man, the
characteristics of the immediate environment, and any pre-existing thermal
condition which might have produced a heat storage or a heat deficit. It is
often true that for a given design situation a set of physiological experiments
must be done in order to be able to specify when sweating begins and how
great in quantity for each of the specific activities anticipated. Such a study
was made by Blockley (1965) in relation to expected activity levels of astro-
nauts, in environmental conditions which might obtain in space suits. Data
from that report plus pertinent and closely related data from Robinson et al
(1965) and Macpherson (1960) will form the basis of the following discussion
of quantity of sweat produced in response to activity and environment.
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Sweat Responses to Work and Environment

In a NASA sponsored study of the physiological "cost" of sweating in
men working at activity levels expected for astronauts, Blockley (1965) re-
ported the results of exposing six healthy men aged 25-37 and weighing 150~
189 pounds to environments varying from cool to oppressively warm while
engaged in three levels of activity--seated at rest (100 kcal/hr), mild work on
a treadmill (250 kcal/hr), and moderate work (400 kcal/hr). Five different
environments were selected at each level of activity to have an environmental
stress index on the P4SR scale* of 0, 0.5, 1, 2, and 3. With an environmental
humidity kept below 15 mm Hg, where the skin temperature is essentially
independent of the level of humidity, combined air and wall temepratures
covered the range from 13°C (55°F) to 53.5°C (128.5°F)., In this study the
mean skin temperature at the threshold of frank sweating, defined as total
weight loss less than 100 gm/hr, was inversely proportional to metabolic rate.
At rest, the threshold mean skin temperature lay between 33.5 and 34.9°C;
with mild exercise (250 kcal/hr), the mean skin temperature at threshold lay
between 31.2 and 33° C; at the moderate exercise level (400 kcal/hr) the thresh-
old mean skin temperature for sweating was found to lie between 26.5 and
30.8° C for five of the subjects, while the sixth man had a threshold mean skin
temperature at about 21°C. This sixth man had a much greater amount of
subcutaneous fat as measured by skinfold thickness and this seemed to influ-
ence his physiological responses. In terms of environmental temperature,
sweat thresholds in this study of men in shorts were associated with an air
temperature of 10° C (50° F) for the moderate activity level (400 kcal/hr),
20.5°C (69° F) for the mild activity level (250 kcal/hr), and 29. 5° C (85° F)
for the seated resting activity (100 kcal/hr). Above the threshold level for
sweating, sweat rate was a linear function of skin temperature at each level
of activity. When the activity level was low, a small change in skin tempera-
ture was associated with a large change in sweat rate; in high activity, a large
increase in skin temperature was associated with similar increments in sweat
rates. Data from this study have been reworked to match data of the other
two studies, and all three are represented graphically in Figure 10.

Figure 10 shows sweat rate from threshold level, 100 gm/hr or less,
to levels of 500-600 gm/hr as a function of metabolic rate in three different
environments. A warm environment was defined as one in which the combined
air and wall temperature is 33° C, comfort temperature with an air-wall tem-
perature of 25°C, and cold with air-wall temperature of 15°C, The humidity
in the Blockley study and in the Robinson study was low, while the humidity
in the Macpherson study was high. Adjustments were made with the P4SR
scale to make the Blockley and Macpherson data equivalent.

* See page 55 for definition.
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In the study of Robinson et al (1965) three men in their middle twenties
and one man of 59, ranging in weight from 145-198 pounds, worked at moder-
ate to severe levels (360 kcal/hr to over 1000 kcal/hr) primarily in a comfort-
able environment of 25° C with a vapor pressure of 6 mm Hg. The subjects
were heroically instrumented for the measurement of surface temperature,
rectal and tympanic membrane temperature, temperature of the venous blood
in the leg, and intramuscular temperature. In Figure 10 are plotted sweat
rates versus metabolic rate for two of the more thoroughly studied of the
subjects in a comfortable environment. Data at an extremely high metabolic
rate for one subject over the same kind of temperature range from cold to
comfortably warm are consistent with the data in Figure 10, but have not
been plotted since the number of observations is small.

In the study reported in Macpherson (1960), which was work done by
Ferres, Fox, and Lind, four Army men aged 19-23 and wieghing 135-156
pounds were exposed to a temperature of 32.2°C and a vapor pressure of
23.5 mm Hg. (In order to make the exposures comparable to those in the
other two studies, the environments were adjusted by means of the P4SR
index scale. An environment o 33°C with a low vapor pressure was equiva-
lent in thermal stress to 32°C and 23.5 mm Hg.) The men marched on a
treadmill at one of six speeds between 2 and 4 mph. Resting metabolism was
found to be approximately 90 kcal/hr while the working level ranged from
160-360 kcal/hr. The data from this study are shown in the top section of
Figure 10 in the block labeled '"'Warm Environment."

In summary, Figure 10 represents sweat rates for fit men of normal
size as a function of metabolic rate, in three different environments, warm,
comfortable, and cold.

Sweating in Space Suits and Capsules

It is common experience in laboratories where space suits and full
pressure suits are tested that test subjects become hot and perspire even when
seated or only mildly active, despite the usual supply of ventilating air. When
external heat loads are added or when simulated flight conditions are produced
in test chambers, sweat production in the range of 300-600 gm/hr is common.
Reports with data of this kind are to be found in Libber et al (1957), Miller
(1962), and Webb and Klemm (1959). Higher rates of sweating may be expected
if external heat loads are greater, if the men are active (especially when the
suit is pressurized), or if the ventilating gas fails to evaporate sweat as
rapidly as produced.

Men working in pressurized pressure suits have high metabolic rates.
Harrington et al (1965) report that a given task in a pressurized suit in Earth
gravity causes double the metabolic rate of the same task unpressurized.
Roth (1966) proposed 500-600 kcal/hr as a reasonable level of expenditure for
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a man on the lunar surface. Gemini flight reports of high pulse rates and
sweating indicate high work rates during extravehicular activity.

In a recent study it has been estimated that 82-87% of the heat produced
at an activity level of 300 kcal/hr (walking 2 mph on a level treadmill with an
unpressurized Apollo prototype suit) is carried away in the form of latent heat
by the ventilating gas. This AiResearch study was reviewed by Roth (1966),
who went on to point out that at this activity level, when the suit was used in
an altitude chamber with a total pressure of 1/2 or 1/4 atmosphere, only
about 3/4 of the heat produced was being removed by the ventilating gas,
which included both sensible and latent heat transfer. The subjects were
sweating at a rate of 350-450 gm/hr. This was considered stressful in itself,
but in view of the failure of the ventilating gas to remove all the heat produced
there was an accumulating storage of heat in the body. Heat storage became
more and more of a factor when activity levels above 250 kcal/hr were tested.

Because of the universal experience that wearing full pressure suits
cooled by ventilating gas causes sweating, especially if the men are working,
and even more especially if the suit is pressurized, a new method of suit
cooling has been developed. At the Royal Aircraft Establishment in England,
Burton and Collier (1964) described a cooling system of water circulated
through small plastic tubes lying against the skin. Wortz et al (1964)
described a different version of liquid cooling combined with air ventilation.
These authors and also the report of Crocker et al (1964) show that skin
temperatures can be controlled to low enough levels that sweating is mini-
mized.

While definite quantitative data from space flight projects is not
available, it was observed that the astronauts in the orbital flights of project
Mercury were recovered in their space suits which had become wet with
sweat (National Aeronautics and Space Administration 1962 a, 1962 b,

1962 c, and 1963). The sweating was thought to have occurred primarily
during the recovery operation when the astronaut was confined to his capsule
on the water. Some sweating may have occurred during the final orbit and
reentry procedure. All of the Mercury astronauts lost weight, amounting to
3-6 pounds, and similar weight losses have been reported by Soviet cosmo-
nauts and the astronauts in the Gemini project; however, this weight loss is
not from thermal sweating. As will be discussed more fully in the next
section, the consistent finding of weight loss may be due to excess urine
production, or from excess urine production plus sweating.

Sweating in flight clothing, much of which contains layers of imper-
meable cloth, can be a serious problem for the wearer. Often sweating
builds up to high levels because the clothing reduces the evaporation, hence
the cooling power of sweat. Or if the sweat produced and evaporated causes
the cabin (or suit) atmosphere to become humid, again the cooling power of

26



sweat is reduced as evaporation is lessened in the humid environment. These
are real problems, and occasionally nearly disastrous ones. (See section on
Medical Considerations--Heat Storage and Heat Exhaustion.) In a recent
paper (Webb, 1965), I related sweat rates and inadequate water sinks to some
troublesome experiences in flights and in laboratory work. I concluded that
the control of water vapor in small sealed spaces was critical, and that a

vapor pressure of 10 mm Hg (or less) was a good design figure for space suits
and cabins.

Acclimatization and Sweating

Acclimatization to heat is a real phenomenon which alters the sweating
response on exposure to heat. The word is qualitative and loosely used, but
heat-acclimatized man shows several usefully altered responses. He sweats
sooner and more copiously in response to a given heat stress. An acclima-
tized man can produce physical work with a smaller increase in rectal temper-
ature and at a smaller cardiac cost. The sweating response with acclimatiza-
tion is more sensitive to heat exposure; according to some it is also more
accurate (new men in the tropics are often observed to overproduce sweat),
and the sweat produced is more dilute, that is, it carries away a smaller
quantity of electrolytes. Acclimatization can be induced simply by exposure to
heat and by exposure to heat and exercise; the heat stress can be repeated
day after day and by about the ninth day a peak in the process is reached.
Alternatively, excellent acclimatization can be achieved by exposing a man to
heat stress day after day, the level of stress being chosen each day so that
the same rise in rectal temperature and pulse rate occur. Acclimatization to
heat is often combined with training to work, and the effect of the double
training is to produce a man particularly fit to work in heat. In fact, some of
the changes seen in training for exercise are useful in heat exposure; there
is a certain amount of overlap between the two processes. The background
for these statements may be found in the literature cited in the following
paragraphs.

The first and most obvious change with acclimatization is that on a
given heat exposure sweating begins sooner (at a lower skin temperature and
a lower rectal temperature), as demonstrated by Eichna et al (1950),
Robinson and Gerking (1947), Horvath and Shelley (1946), Kuno (1956), and
others. The sweat secreted is also more copious as shown by Horvath and
Shelley (1946) and by Macpherson (1960). Similar findings are related by
Adolph (1947) and reviewed by Bass (1963). Robinson (1949) cites studies
where acclimatization causes men to produce sweat at the extreme rates of

2000 and 3000 gm/hr.

On the practical side, Wyndham et al(1954) showed thatacclimatization
to humid heat and work allowed South African miners to maintain the same
high level of work output with successively lower rectal temperatures as

acclimatization progressed. o



A number of investigators point out that given heat exposures, or heat
exposures combined with work, produce smaller increases in rectal tempera-
tures and smaller pulse rates as acclimatization progresses--Macpherson
(1960), Bass (1963), Bass et al (1955), Robinson et al (1943). The report by
Robinson et al (1943) clearly showed the effectiveness of combining hard work
with heat exposure to produce rapid acclimatization. Acclimatization was de-
fined as a decreased amount of fatigue in hard work, a decreased heart rate,
and a lower skin and rectal temperature during a given exposure to work in
heat.

The sweating response in acclimatization can be thought of as being
more sensitive (Blockley, 1965). The sweat produced is more dilute and more
appropriate to the thermal stress (Adolph, 1947; Robinson and Gerking, 1947;
and Robinson et al, 1943).

Acclimatization is usually produced by repeated exposure to a given
heat stress, as reported by Bass et al (1955), Bass (1963), Lind and Bass
(1963), Horvath and Shelley (1946), Eichna et al (1945), Eichna et al (1950),
Robinson et al (1943), and Robinson and Gerking (1947). With this procedure
acclimatization rises and plateaus in about nine days. This acclimatization
will persist for two weeks to one month if heat exposures are not repeated.
If heat exposures are repeated occasionally, acclimatization is maintained.

Another method of acclimatization pioneered by Fox (1963) is to vary
the heat exposure, that is to increase it daily, so as to produce a standard
response each day as acclimatization progresses. If the heat stress is in-
creased each day so as to drive the subject to the same level of internal tem-
perature, acclimatization progresses in daily increments and reaches very
high levels as judged by a later standardized testing procedure.

In our own laboratory (unpublished observations of Blockley and Webb,
1964), we have produced acclimatization in subjects by daily exposures to
prolonged hard work in combination with high environmental temperatures,
driving the rectal temperature to well above 38° C (100.4° F) each day. At the
end of two weeks of such training, the subject is so sensitive to thermal stress
that profuse sweating begins with very mild thermal stimuli. For example,
working on the treadmill in comfortable to mildly warm environments pro-
duces sweating almost immediately. Lying in bed at night, sweating will
begin when the normal blanket covering, previously acceptable for the entire
night, proves to be too much insulation as metabolic rates begin to rise in the
early morning hours. The subject wakes up sweating and has to remove
blankets in order to go back to sleep.
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In the space context the question of the value of training for heat has
not been settled. Astronauts and cosmonauts in the US and USSR have been
trained more or less formally in terms of physical fitness. The value of
sweating as a thermoregulatory response suggests that acclimatization to heat
plus work would be a valuable addition. This view has been advanced by Roth
(1965) and Blockley (1965). If such training were carried out, an astronaut
during an extravehicular mission would be prepared to take full advantage of
a gas ventilating system. If the ventilating system failed or the cooling unit
in the back pack failed, the sweating response would be appropriate. Other
advantages to acclimatization to heat would include a lessening of the suscep-
tibility to circulatory insufficiency in situations involving some degree of
heat load.

"Fatigue'' of Sweating

First described by Gerking and Robinson (1946) and Robinson and
Gerking (1947), and since confirmed by a number of other observers, high
rates of sweating over prolonged periods of time in working men gradually
decline after the second, third, or fourth hour. The decline may be as great
as 80% of the initial value. This reduction in sweating, or ''sweat gland
fatigue,' is more common in hot humid environments and in conditions where
high rates of sweating are called for.

A recent paper by Wyndham et al (1966) gives an analysis of data taken
on ten acclimatized men in ten different environmental conditions working at
rates ranging from 80 kcal/hr to 420 kcal/hr. Figure 11 is reproduced from
their paper. The authors conclude from these curves that the duration of the
heat exposure 1) diminishes the sensitivity of the sweat response to a rise in
internal body temperature, and 2) decreases markedly the maximum capacity
of the sweat response to the maximal signal of a high increase in internal
temperature, i.e. 103°F. The authors conclude that these two response
characteristics are definite evidence of fatigue of the sweat glands.

An opposing view is argued by Brown and Sargent (1965). In their re-
view of the process, which they term '""hidromeiosis' (literally, a decline in
sweating), they emphasize that in their own observations and in those of other
workers, including the early reports of Robinson and Gerking, the phenomenon
is more apt to occur when the humidity is high or the skin is wet. Some of the
characteristics of hidromeiosis are as follows:

1. In an environment of constant high ambient temperature,
a person exhibits initially an outburst of sweating which
reaches a peak in one to two hours, following which the
rate progressively declines.
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Figure 11. Sweat rates versus rectal temperature
for each hour of 5 hour exposures to work
and heat (from Wyndham et al, 19686).

. The rate of decline is steeper in moist heat than in dry heat.

. The degree of depression appears to be related to the magnitude

of the initial maximum rate, suggesting that a threshold rate of
sweating must be reached to initiate hidromeiosis.

. Hidromeiosis does not appear to be an adaptive process since

frequently the rectal temperature rises in the face of declining
sweat rate.

. Dehydration may accelerate hidromeiosis.

. The duration of exposure to thermal stress rather than intensity

of work appears to be a factor in the production of hidromeiosis.



These authors cite a number of observations in which the decline of sweating
is reversed simply by drying the skin, or the decline is stopped and the nor-
mal sweat rate restored by drinking water. Randall and Peiss (1957) are par-
ticularly convincing in their demonstration that hydration of the skin supresses
sweating. Brown and Sargent conclude: ''The primary mechanism for hidro-
meiosis seems to involve the skin. One hypothesis supported by some experi-
mental data is that of mechanical obstruction of dermal pores through hydra-
tion of keratin. Adaptation of thermal receptors and fatigue of the eccrine
sweat gland are not processes related to hidromeiosis."

There is another condition frequently observed in men in the tropics,
the clinical condition of prickly heat, or miliaria. This is an inflammatory
process apparently arising from plugging of the opening of the sweat gland
and collection of retained sweat under the stratum corneum. Sweating is
reduced in the area affected. Areas commonly affected are axillae, groin,
and spots where rubbing of clothing or an adjacent body part occurs. This
condition is discussed later under the topic of "Skin Hygiene." In addition,
the condition termed anhydrotic heat exhaustion, probably a late stage of
miliaria in which chronic plugging of sweat glands leads to significant diminu-
tion of sweating, is characterized by an inability of the patient to control body
temperature in heat (Leithead and Lind, 1964).

WEIGHT LOSS IN SPACE FLIGHT

Astronauts and cosmonauts lose weight during orbital flights. In all
the medical data reported so far from the USSR and US Manned Space Flight
programs, there has been a consistent weight loss usually amounting to 2% to
5% of body weight. This consistent observation is apparently independent of
the duration of flight; that is, weight losses in this range occur in flights of
three orbits (4 1/2 hours) up to missions lasting 4, 8, and 14 days. In the
following table are listed the weight loss data for all the flights as they are
available at the time of this writing. Sources of data are: Berry et al (1966);
Gazenko and Gyurdzhian (1965); Genin et al (1963); NASA (1962 a, 1962 b,
1962 ¢, and 1963); Parin, ed. (1963); and Volynkin et al (1962).

Manned space flight has so far turned up very few surprises. This
phenomenon of weight loss is a definite change, a readjustment of some sort.
It does not seem likely that the change in weight is due to simple dehydration
or to loss of body tissue. The weight is regained in 12-24 hours after return,
which rules out tissue loss. Among the many possible explanations of shift
in water balance (as defined in Figures 2 and 3), the following suggest them~

selves:
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1. Increasing water loss due to low atmospheric pressure in
space capsules, as discussed in an earlier section. However,
since the magnitude of weight loss is independent of flight
duration, and since Russian spacecraft have operated with
a nominal pressure of 1 atmosphere, this explanation is
unlikely.

2. Increased perspiration from the wearing of pressure suits
and from the increased non-thermal sweating expected from
men during the stresses of the mission. Arguing against
this explanation are the observations that heat stress during
flight was seldom a complaint, although the cooling system
in early Mercury flights caused complaints from several of
the pilots. It is true that Leonov and White exerted themselves
strenuously during their extravehicular activities, but this is
only two out of 25 exposures. Finally, since water was freely
available, if the weight loss was from simple dehydration,
why would not the men have restored body water by drinking?
Voluntary dehydration (Adolph's term, explained in the later
discussion of dehydration) is a short-term affair, usually seen at
the end of an 8-hour working day.

3. Increased urine production and a change in the regulation of
body water content. This explanation is bolstered by similar
changes seen in studies of bed rest and water immersion,
which are partial simulators of the physiological effects of
weightlessness. This explanation seems the most likely and
supporting evidence will be discussed in some detail below.

Urine Production in Real and Simulated Weightlessness

When healthy men are confined to bed for periods of weeks, one of the
many changes induced is an increased urine production, as reported by
Birkhead et al (1963), Vogt et al (1965), and in a study at Douglas Aircraft
(White et al, 1966). The report of Vogt et al (1965) showed that water and
sodium and potassium are excreted in increased amounts and that this is not
influenced by allowing subjects to exercise isometrically while confined to
bed for two weeks.

Water immersion studies have shown diuresis and increased excretion
of sodium, the urine being of low specific gravity (Graveline et al, 1961, and
Graveline and Jackson, 1962). Benson et al (1962) did not observe diuresis
from an 18 hour submersion experiment, but Gauer et al (1965) confirmed the
diuresis of water immersion as did the Douglas Aircraft study in which immer-
sion to the neck was continued for ten days in a bath of silicone fluid (White
et al, 1966). In a recent study in our laboratory (Webb and Annis, 1966),
three subjects using ''balanced' breathing systems and a soft helmet were
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submerged for 6 hours, and did not experience either diuresis or orthostatic
intolerance to tilt. One of the three was then submerged for 16 hours in
silicone o0il, and another for 120 hours (5 days) in silicone oil. Again there
was no diuresis or orthostatic intolerance to tilt, but both subjects lost
weight--1.4 kg or 1.7% of body weight for the 16 hour submersion, and 1.8 kg
or 2.9% of body weight for the 5 day submersion. These studies of immersion
and submersion also produce a relative hemoconcentration and a decrease in
circulating plasma volume,

Urine production from cosmonauts and astronauts during space flight
is not always reported, or reported incompletely, making it difficult to pro-
vide a consistent set of data. In the first and fourth orbital flights of the
Mercury project (vehicles MA-6 and MA-9) there was a rather low urine vol-
ume. In the second orbital flight (MA-7) there was a diuresis amounting to
approximately three times the normal urine production. Federova et al (1963)
reported that in the first four Russian manned orbital flights the 24-hour urine
volume of all four pilots increased by 25-75% of control value. (In flight urine
date is not given.) Data from the Gemini flights (GT-3 to GT-7) are not avail-
able, but the consistent weight loss will probably be reflected in increased
urine volumes.

Hypothesis of Readjusted Water Content

A number of investigators have advanced reasonable explanations of
the diuresis of water immersion, the diuresis of recumbency (postural diure-
sis) and the diuresis of bed rest. Graveline and Jackson (1962) examined a
number of possible explanations for the diuresis of men totally submerged in
water for six hours. The diuresis, which amounted to a threefold to tenfold
increase in urine volume during the exposure, was of urine with a low specific
gravity (1.002 to 1.004), and sodium and potassium, while of low concentration,
were also excreted in greater absolute amounts. They observed at the same
time an increase in the hematocrit, suggesting a loss in circulating plasma.
The picture could be explained by assuming that the antidiuretic hormone
(ADH) was suppressed, just as the diuresis of recumbency is caused by a
reduction in ADH.

ADH may be suppressed by water immersion as a result of the Gauer-
Henry reflex, in which filling of the central veins from recumbency, immer-
sion, negative pressure breathing, or an experimentally placed balloon in the
right atrium causes diuresis (Gauer et al, 1954, and Henry et al, 1956). When
a man goes from erect to supine, or is immersed in water, the initial event
is a return of the blood which is normally pooled in the dependent portions of
the body. This blood, amounting to 500-600 ml, fills the central veins and
the right atrium. Stretch receptors detect this and signal for a reduction in
the secretion of ADH, allowing water which would normally have been reab-
sorbed in the renal tubule to pass out in the urine along with sodium and
potassium.
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A similar mechanism has been suggested tentatively by Gazenko and

Gyurdzhian (1965) in discussing the "impairment of the water-elimination
function,''

The argument that mechanical shift of blood volume in water immer-
sion, hence in weightlessness, causes diuresis and a redistribution of fluid is
most convincingly argued by Gauer et al (1965), who bolster the argument with
beautifully selected experimental data. In addition to the hypothesis of a
suppression of ADH to explain the diuresis and to restore circulating blood to
its normal level in immersion, the authors present indirect evidence of the
appearance of a "'diuretic factor" in the blood plasma. Urine flow in a test rat
increased by a small but significant degree when the animal was treated with
small injections of serum obtained from subjects who were kept supine or
immersed. Gauer et al (1965) point out that man is normally adapted to the
upright posture and spends about 2/3 of his life standing or seated. Civilized
man is immobilized much of the day in an erect seated or standing posture.
Continuous recumbency, immersion, and weightlessness are abnormal and
cause a readjustment to be made. In contrast to the usual picture of diuresis
from negative pressure breathing, immersion experiments show that osmotic
clearance is frequently increased in addition to the increase in free water
clearance attributed to the suppression of ADH. An injection of vasopressin
interrupts or prevents immersion diuresis. Plasma volume is reduced by
14% in an eight-hour immersion.

The preliminary report of the M-5 experiment from NASA's Gemini
program by Dietlein and Harris (1966) is at least consistent with this picture.
The two astronauts of Gemini VII which flew for 14 days lost 6.2% and 3.6%
of bddy weight (Berry et al, 1966). Dietlein and Harris observed that the
marked retention of water after the flight and the rapid restoration toward the
preflight weight indicate that the weight loss was water loss. Pre- and post-
flight blood and urine analysis gave data which the authors find are consistent
with an in-flight diuresis and a reduction of body water from reduced ADH.
The urine volumes reported by Berry et al (1966) do not show in-flight diuresis
when the urine flowmeter was used. Another method of estimating urine
volume, using a tritium dilution technique, is not yet reported. Even if direct
diuresis in flight were not present, water could have been lost in increased
amounts from insensible perspiration or sweating, the net result being a
reduced body water content.

An interesting study reported by Stahl (1964) showed that when dogs
are tilted to the vertical position, the urine volume falls as do the urine
solutes. Despite a rise in blood pressure in the inferior vena cava there was
a fall in the pressure of the renal tubules amounting to about 50%. Blood
osmolarity increased and sodium excretion decreased. When the dogs were
then immersed to the neck in water, an immediate large excretion of water
and solute occurred. Urine osmolarity went down and sodium excretion

35



increased. At the same time renal tubular pressure increased by 2 1/2 times.
This author concluded that renal hemodynamics caused these initial changes in
sodium and water excretion. Graveline and Jackson (1962) also included
possible changes in renal hemodynamics in addition to the ADH mechanism.

: A succinct review of the mechanisms of regulation of body fluid volume
is presented by McCally (1965). Volume regulation is mediated by: (a) arterial
pressure, venous volume, and capillary pressure as stimuli; (b) carotid sinus
and vagus nerves as pathways from the sensors; (c) the hypothalamus, poster-
ior diencephalon and juxtaglomerular apparatus as integrators; and (d) several
hormonal pathways as effectors, including ADH, renin and angiotensin,
glomerulotrophin and aldosterone. McCally (1965) goes on to discuss in some
detail the specific renal responses to water immersion. The picture is one of
regulation of body fluid volume, plus respiratory effects from negative pres-
sure breathing when subjects have their heads above the water.

The literature on the role of the kidney in maintaining water balance
and osmotic balance is quite extensive. The reader is referred to the classic
work on the kidney by Smith (1951), to the description of ADH by Verney (1947-
1948) and to two recent reviews, one by Gauer and Henry (1963) and one by
Bartter (1963). The Gauer and Henry review summarizes the variety of pro-
cedures which have been used to change total blood volume, or the distribution
of blood, and the consistent finding that an increase in intrathoracic blood
occurs together with diuresis, while a decrease is always associated with
oliguria. This change is of greater importance than the maintenance of strict
osmotic pressure uniformity. Bartter's review (1963) emphasizes that the
regulation of extracellular fluid volume is essentially independent of the regu-
lation of intracellular fluid composition. He also emphasizes the mobility of
the sodium and potassium ions between the intracellular and the extracellular
fluid compartments when a readjustment of osmolarity is required, as in
water diuresis. The action of ADH, renal hemodynamics, and aldosterone
are reviewed.

Turning speculative for a moment and reflecting on the picture the
authors cited above have established, the following series of steps might be
involved in the weight loss observed in astronauts.

1. The loss of normal gravitational influences on the location of the
circulating blood volume causes a filling of the central veins,
particularly in the thorax. Blood normally pooled in the dependent
parts returns to the trunk.

2. Filling of the central veins causes by neural reflex a suppression
of ADH and a consequent diuresis.
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3. The diuresis is reflected in a reduction in blood volume and
plasma volume, with a relative increase in hematocrit. This

picture would be expected to be of limited duration, in the
order of days only.

4. A more permanent readjustment of body fluid (with a persistent
weight loss compared to normal weight under earth gravity)
should be characterized by a slightly reduced circulating blood
volume with a normal hematocrit. Extracellular solute should
be relatively reduced and total body water should be reduced
to the extent of the persistent decreased body weight.

The hypothesis proposes that a lesser circulating blood volume is required
for prolonged stay in weightlessness and that readjustments take place over

a period of time (possibly 1-3 weeks), which will restore the normal composi~-
tion of the blood (but not the volume) and the chemical anatomy of the extra-
and intracellular fluid.

A vital question is: Does this reduced total body Water affect the same
functions which are disturbed by dehydration, namely tilt tolerance, exercise,
and heat tolerance?

The results of the first Gemini flights have added substance to the
laboratory data and the speculation. In the medical report of Gemini flights
through Gemini VII, Berry et al (1966) give the following data on measure-
ments of blood and plasma volumes, and red cell mass:

Change in Change in Change in
Blood Plasma Red Cell
Flight Duration Volume Volume Mass
Gemini IV 4 days -7 to -15% -13% -12 to -13%
(estimated
from hema-
tocrit)
Gemini V 8 days -13% -4t0-8% ~20%
Gemini VII 14 days 0 +4 to +15% -7%
-19%

Blood and plasma volumes were determined with a technique using radio-
iodinated serum albumin. Red cell mass (except for Gemini IV) was measured
by using red cells tagged with the isotope chromium 51.

These investigators summarize their interpretations of the data as
follows:
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"It can be concluded that the decrease in red-cell mass is not
incremental with increased exposure to the space-flight envir-
onment. On the 14-day flight, the maintenance of total blood
volume, by increasing plasma volume, and the weight loss

noted indicated that some fluid loss occurred in the extracellular
compartment but that the loss had been replaced by fluid intake
after the flight. The detailed explanation of the decreased mass
is unknown at the present time and several factors, including
the atmosphere, may be involved. "

As to cardiovascular deconditioning assessed by response to 70° {tilt,
Berry et al (1966) observed that the major change was an elevated heart rate,
the elevation being progressively greater with flight durations--at least over
the range of from 1 to 8 days. The 14 day mission showed elevated pulse
responses to tilt more like that seen for the 4 day flight, although one of the
two astronauts showed a vagal, presyncopal response on his first tilt, which
took place 1 hour after landing. In all flights, regardless of duration, the
normal tilt response returned in 50 hours of recovery, and evidence of blood
pooling in the extremities occurred during a like period. Restoration of pre-
flight weight was largely accomplished during the first 24 hours.

MEDICAL CONSIDERATIONS

A great many medical problems have a background of water imbalance.
Clinical conditions which produce vomiting or diarrhea cause great losses of
fluid along with electrolytes, particularly the chloride ion in vomiting because
of the HCI in gastric juice, and high potassium loss in diarrhea. Figure 2
made clear how much water is exchanged in the kidney. Severe disturbances of
either of these well-regulated high-volume exchangers will cause serious
water imbalance. However, these would be largely from clinical illness not
peculiar to space flight. The one exception is the diuresis of weightlessness,
which was discussed in the preceding section.

There are several conditions related to thermal balance and water
balance which are of particular interest in the space cabin or space suit con-
text. These are heat storage and heat exhaustion, dehydration, and skin
hygiene in impermeable clothing.

Heat Storage and Heat Exhaustion

In a more or less connected series of studies extending back nearly
twenty years, normal subjects have been exposed to extremely high tempera-
tures (up to 240° F), to mild heat in combination with impermeable clothing,
to high combinations of heat and humidity and other conditions which were
beyond the zone of compensability by the thermoregulatory mechanisms of
the body. A long history of experience with heat storage to a physiological
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endpoint was thus acquired, and the endpoint came to be known as one of
incipient heat collapse or impending heat stroke. In the first major report of
this kind, Blockley et al (1954) described the state of their subjects as being
characterized by faintness, nausea, restlessness, and increased breathing
as they neared the end point. Steeply rising rectal temperatures and pulse
rates of 140 beats/min were common, although in the most severe environ-
ments, where exposure times were short, the rectal temperature had risen
only a little. Veghte and Webb (1957) and Webb (1959) described the condition
a little more fully. Quoting from the latter paper:

""At a late stage in an experiment involving a noncompensable
heat exposure, we observe in the subject a high and rising
rectal temperature, a strong and rapid pulse, a flushed, dry
skin (where previously there had been copious sweating),
some increase in the rate and depth of breathing, and a
growing restlessness and inability to fix attention on any task.
This man is on the verge of collapse. By experience the
medical observer can tell just when to stop the experiment,
knowing that another five minutes of exposure will bring
unconsciousness. The subject is in a state of impending
heat stroke."

Kaufman (1964) described the same symptoms again, but added that the florid
face is altered by the appearance of pallor under the eyes as the end point is
reached. Gold (1960) echoes these descriptions, stating that pallor is fre-
quently noticed around the lips. The dimunition of sweating noticed by these
various workers may be related to the condition of "fatigue of the sweat
glands'' or hidromeiosis as described earlier, but it seems more like a sign
of failing thermoregulatory control. (A hot, dry skin and a strong and rapid
pulse are characteristics of the clinical condition of heat stroke.) It is clear
that with reduction or cessation of sweating that thermoregulation has failed.
More serious is the circulatory problem in which the cardiac output has be-
come extremely high from the extreme dilation of the cutaneous blood vessels
as the body attempts to move larger volumes of blood to the surface where
normally heat may be lost. In many of these exposures, of course, the effect
is to increase the transfer of heat from the surface inward, since the environ-
ment is hotter than the surface and evaporation has been reduced. It is not
clear if circulatory failure is the cause of unconsciousness. Certainly in this
kind of exposure the internal temperature is not as high as seen in clinical
heat stroke and thermal damage to enzyme systems and tissues is not likely.

A frightening example of heat storage in a flight in a balloon gondola is
given in the description of the Manhigh III (Anon. 1961). The pilot wore an
unventilated partial pressure suit, a garment which contains rubberized
bladders. Cabin temperatures rose to a level where the wall and air
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temperature were equal to or slightly above skin surface temperature. At the
same time the device for removing water vapor from the air had become
overloaded and vapor pressure in the gondola rose to an estimated 22-25 mm
‘Hg. As this situation developed, the metabolic heat produced by the pilot had
nowhere to go and his internal temperature began to rise. By the time the
decision had been made for the flight to be terminated, his rectal temperature
was measured at 104°F, and by the time descent was completed several hours
later, the rectal temperature was said to be over 108° F. The pilot managed
to retain consciousness and sufficient control of the operation to come to a

safe landing.

If we consider the situation of a man in a space suit engaged in extra-
vehicular activities where metabolic heat production is 4-8 times the activity
level of a man in a balloon gondola or a pilot in an aircraft, the rapidity of
heat storage would be that much increased if there were a failure or an in-
appropriate response of the portable cooling system. The control of water
vapor pressure in the hermetically sealed space cabin, or balloon gondola,
or the nearly-sealed space suit is critical, as I have pointed out elsewhere
(Webb, 1965), and a rather low water vapor content is strongly recommended.
Figure 12 from that paper shows a variety of flight experiences and experi-
mental situations in which heat storage sets a tolerance limit, as well as
some flight conditions where thermal balance was not a problem. The analysis
supports a design limit of 10 mm Hg for vapor pressure, considering the en-
cumbrance of clothing and the severe restriction of hermetically sealed
spaces.

Heat stroke (heat hyperpyrexia) is a result of the excessive storage of
body heat and a progressive development of failure in the thermoregulatory
system. The clinical condition is extremely serious and often fatal. The
subject is discussed in some detail in Leithead and Lind (1964). In the space
flight context there may occur situations where collapse comes from heat
stress and circulatory insufficiency without a remarkable rise in core tem-
perature. An unconscious or incapacitated astronaut might be unable to take
some life-saving action. Or if the heat stress continues, serious or fatal
heat stroke might develop.

In contrast to heat stroke or hyperpyrexia there is the condition of heat
exhaustion (heat prostration, heat syncope, heat collapse) in which significant
heat storage has not occurred but faintness and a shock-like condition may
develop, rendering the subject ineffective. This is more apt to occur in people
who are unused to heat or the stress of heat-plus-work. Water depletion may
play a role in its genesis. This sort of condition would not be expected to
occur in trained physically fit men, especially if they had been exposed to the
range of thermal conditions expected, including emergencies and equipment
failure. The condition is self-limiting, since, as in treating anyone with
syncope, recovery usually follows from assuming a seated or recumbent
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Figure 12. A variety of experimental and flight experiences in which there were problems in
maintaining human thermal balance. The four solid dots above 110° F represent experimentally
established time limits which are set by body heat storage, for unacclimatized, clothed, mildly active
men (Kaufman, 1963). The open dot at 110° represents probably a maximum condition for nude men
maintaining thermal equilibrium with a body temperature above normal, lying still. The straight
sloping line represents a composite of many studies which established the upper level of heat and
humidity in which lightly clothed men maintain thermoregulation. Just below the line, another solid
dot locates the conditions in the Manhigh III balloon flight, in which extreme body heat storage caused
the flight to terminate at 5 hours (see text). The vertical bars represent the capsule conditions for
the Project Mercury manned orbital flights and the Navy Stratolab balloon flights -- conditions which
are uncomfortable if the occupants were active and unable to open up their impermeable anti-exposure
suits and full pressure suits when no ventilating air is introduced under the impermeable shell. The

air motion in all these situations was less than 50 fpm.
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position (in a gravity field) and removal from the heat or heat-plus-work
condition.

Leithead and Lind (1964) distinguish between heat syncope and water-
depletion heat exhaustion, but the symptoms are similar. Busby (1965)
reviews the medical aspects of these several heat disorders and relates them
to space operations and necessary therapy.

Salt-depletion Heat Exhaustion

This condition differs somewhat from the heat exhaustion just described.
It results from a failure to replace the loss of salt from prolonged sweating,
even if fluid replacement is adequate. Symptoms are fatigue, nausea, vomit-
ing, dizziness, muscle cramps, and, in the late stages, circulatory failure.
Some classifications of heat disorders exclude heat cramps, placing them in
separate categories (Leithead and Lind, 1964). The central factor is the loss
of salt through excessive sweating with or without accompanying dehydration.

The subject of salt losses and heat cramps was covered in the review by
Robinson and Robinson (1954). They reported that losses of up to 20 grams of
salt per day had been observed in non-acclimatized people working in the heat.
Cramps and cardiovascular disorders were a common result. Laddell (1955)
reported on the rapid development of fatigue as water debt accumulated, and
on the reversal of these effects when water and salt were taken in adequate
quantity,

The practice of including salt in the fluid intake of men working in hot
or humid conditions is established in industrial medicine, but it has been the
experience in hot climates that most people automatically replace salt at
mealtime (Laddell, 1965).

Dehydration

Dehydration as used here simply means the failure of replacement of
water lost through inability to find or take fluids. Serious dehydration has
been the subject of a number of reports. These have been summarized in
chart form as shown in Figure 13. McCance and Widdowson (1965) postulate
that the terminal sequence in fatal dehydration involves decreasing volume
of extracellular fluid, near-complete retention of sodium salts through the
action of aldosterone, and a rising concentration of electrolytes all over the
body.

Of more immediate concern here are the milder stages of dehydration
which might be expected to occur in space flight, and the effect of minimal
dehydration on performance and tolerance to stress. ILaddell (1955)observed
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a marked subjective effect on working men if they did not drink. Fatigue was
sudden and pronounced and led to failure to perform the task. Subjects were
noticed to take only about 2/3 of the water needed to replace their weight loss
and dehydration developed unknowingly. The difficulty of making men working
in heat drink water as fast as it is lost is well known. Many will complain of
nausea and feeling of distention. Thus Blockley (1965) reports that subjects
voluntarily developed dehydration amounting to 1 and 2% of initial body weight,
although water was freely available and they were urged constantly to drink.
In other subjects who were less well trained, he was able to prevent this dehy-
dration by scheduling early and frequent drinking to replace water in small
amounts as it was lost. Blockley also observed that when the rectal tempera-
ture had reached a plateau, or equilibrium value, and minimal dehydration
developed subsequently, the rectal temperature rose slightly to a new plateau.
This step-wise change in rectal temperature usually occurred at about the
level of 1% dehydration. The rectal temperature would return to an earlier
plateau if water intake made up accumulated weight loss.

Ellis et al (19564) observed that when men were working at two times
their basal rate in a hot, moist environment, the sweating rate began to de-
cline after the first hour if water intake was not maintained.

Hertzman and Ferguson (1960) showed that nude recumbent subjects
maintained thermal equilibrium for 32 hours in a chamber kept at 43°C
(119°F) and 25 mm Hg vapor pressure as long as they replaced water at
hourly intervals. If the same men were denied water, they lasted only 10
hours, showing a rising rectal temperature and increasing restlessness and
distress.

Moroff and Bass (1965) showed that physiological strain was reduced
when men were required to work in hot, humid climates if before working
they overhydrated by drinking two liters of water. This improvement was
shown by a lesser strain in the overhydrated man compared to the control
data taken when men replaced water as it was lost.

Saltin (1964) reported that dehydration in the range of 1-3% of body
weight caused a higher heart rate in submaximal work and a significantly
decreased time to exhaustion in maximal work.,

Greenleaf and Sargent (1965) made a study of voluntary dehydration in
acclimated and physically fit men. They observed that their subjects became
dehydrated while working at 360 kcal/hr (4 mph on a level treadmill). They
failed to drink enough voluntarily to make up their weight loss and this was
particularly true when the conditions were hot (120°F). They observed that
recovery from dehydration was slow, particularly if the subjects were pre-
viously deficient in body water but had the usual content of body salt.
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DEHYDRATION WEIGHT LOSS - % initial weight

or

15—

20—

DEHYDRATION

Thirst

Stronger thirst, vague discomfort and sense of oppression, loss of appetite.
Increasing hemoconcentration.

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
suffer heat exhaustion; increases in body temperature, pulse rate and respiratory rate.

Labored breathing, dizziness, cyanosis.
Indistinct speech.

Increasing weakness, mental confusion.

pro—

Spastic muscles; positive Romberg sign (inability to balance with eyes closed);
general incapacity.

Delirium and wakefulness; swollen tongue.

Circulatory insufficiency; marked hemoconcentration and decreased blood volume;

failing renal function.

__Shriveled skin; inability to swallow.
Dim vision.

Sunken eyes; painful urination.
Deafness; numb skin; shriveled tongue.
tstiffened eyelids.

Cracked skin; cessation of urine formation.
Bare survival limit

Death

Figure 13. Severe dehydration. (Webb, 1964)



Dehydration also produces subtle effects which may turn out to be of
great importance in space flight. Several authors have made a connection
between orthostatic intolerance and dehydration. The dehydration need not
be great in order to produce a worsening of man's response to being passively
tilted from horizontal to 45° or 70° upright. Adolph (1947), in his classic and
comprehensive study of dehydration, in connection with a study of man in the
desert, showed that at water deficits of 1, 2, 3, and 4% of body weight, the
pulse response to 45° tilt is successively higher as dehydration progresses.
A similar picture was seen with a 25° tilt and also with standing in a relaxed
position. Beetham and Buskirk (1958) produced dehydration to a level of 5%
of initial weight in 14 subjects, then subjected them to 70° passive tilt. They
observed that the normal rise in diastolic pressure on being tilted was even
more marked when dehydration was present, producing an even narrower
pulse pressure. Also, dehydration caused the pulse to rise more rapidly and
to higher levels following tilt. They left their subjects tilted for ten minutes;
in the control study, none of the men fainted. In the dehydrated condition,
two of the 14 subjects became apprehensive, pale, and faint, and showed in-
creased tachycardia. Some of the subjects were given physical training and
some were given physical training and heat acclimatization, but neither of
these treatments influenced the effect of dehydration on orthostatic intolerance.

After astronauts Schirra and Cooper showed a tendency toward orthostatic
hypotension, Di Giovanni and Birkhead (1964) produced an exaggerated ortho-
static response to 70° tilt by simultaneous dehydration and bed rest in one sub-
ject. The subject underwent four periods of bed rest for 48 hours as a control,
and in the fifth, 26 hours of bed rest along with heat and dehydration to 3.2%
of initial weight. In the four control periods he was able to tolerate ten min-
utes of 70°tilt with a normal pattern of decreased pulse pressure and increas-
ing pulse. However, when the combination of heat, dehydration, and bed rest
were tested with tilt, the subject became nauseated after the fourth minute,
complained of blurring of peripheral vision in the seventh minute, and nearly
fainted in the eighth minute, causing the procedure to stop. At this time his
pulse pressure was 4 (blood pressure of 88/84) and the heart rate had risen
to 156. A second subject showed a similar response with a dehydration of
3.2% of initial body weight, where he had previously shown normal response
to bed rest. The authors make the point that the orthostatic intolerance they
produced was the effect of a combination of stresses--bed rest, dehydration,
and mild elevation in temperature from the heat exposure. Such multiple
stresses are to be expected in actual flights.

Mild degrees of dehydration have also been shown to reduce tolerance to
positive acceleration (+Ggz). Taliaferro et al (1965) demonstrated that toler-
ance to positive acceleration decreased by 15-18% when subjects were dehy-
drated by mild heat exposure and reduced fluid intake to 1 or 3% of initial
body weight. Heat alone did not produce the effect. Greenleaf et al (1966)
produced several levels of hypohydration to a maximum of 6% of body weight.
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They reported that deterioration in several performance indices began at
about 4% depletion. Specifically, functional deterioration began in isometric
muscular strength with greater than 4% hypohydration; deterioration appeared
in a modified Harvard step test at 4 to 4 1/2%; submaximal oxygen intake for
a given exercise deteriorated at greater than 4%; and grayout tolerance to
+G,, acceleration deteriorated at greater than 4%.

~_ Heat training leading to acclimatization for particular heat conditions
of space flight and the work of EVA would be helpful in several ways. The
response to heat stress would be more appropriate; the training would teach
the subject when and how to drink to avoid dehydration; and he would be less
likely to succumb to heat prostration during mild stress.,

Skin Hygiene

The wearing of a space suit for many hours usually produces wrinkling
and maceration of the skin, particularly in the hands and feet, which are
usually underventilated if ventilated at all. The same skin problem comes
with any sort of heavy or impermeable clothing in which the wearer is hot.
Water production from the skin continues whether heat stress is present or
not. With excellent thermoregulation possible with water-cooled garments,
water production by insensible perspiration and by non-thermal sweating will
still occur. Gas ventilation is needed to keep the skin dry as well as to keep
down the COg levels in the suit. The duration of exposure to wetted skin is
critical. Prickly heat, bacterial infection, penetration of the epidermis, and
other skin disorders are directly related to a persistent wetness of the skin;
in addition, if clothing is worn for extended periods there is a trapping of
bacteria and other harmful agents.

Subjects immersed in water have difficulty with skin hygiene. Benson
et al (1962) in their study of 18-hour water submersion reported that all 12
subjects, who were professional divers, developed marked and painful
maceration of the skin, especially on the hands, fingers, and feet. One of
the men also developed an external otitis, which caused him to terminate the
submersion an hour early. In the U.S. Navy Diving Manual (Navy Depart-
ment, 1963), the medical problem of external ear infections and of skin
infections is emphasized. SCUBA divers have difficulty with external ear
infections, particularly when operating in warm climates, and the incidence

increases with the frequency of diving,

Sulzberger (1965) in a brief review on the effects of heat and humidity
on the human skin, groups skin disorders in the following way:

1. Intertrigos--in the groin, axilla, and external otitis.

2. Superficial fungus infections--dermatophytosis, candidiasis.
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3. Superficial pyodermas and cellulitis--folliculitis, furunculosis,
tropical impetigo, etc.

4. Occlusion of pores and follicles--prickly heat (miliaria),
tropical acne, and anhidrotic heat exhaustion.

Taplin et al (1965) emphasize that a hydrated stratum corneum (the
superficial layers of the epidermis) invites invasion and growth of bacteria
and fungi. This hydration occurs particularly if sweat cannot evaporate, as
would be true with the wearing of impermeable clothing. Their study con-
cerned men transferred to the tropical jungle climate of Panama for three
months. Men with pre-existing microbial skin conditions became significantly
worse in the jungle environment. These authors also discuss otitis externa,
reporting that it was caused by Pseudomonas aeruginosa. In the printed
discussion of their paper, Sulzberger confirmed that soldiers in the tropical
climate of Guam also suffered from external otitis due to Pseudomonas.
This organism is particularly stubborn and resists most common antibiotics.
It has been found in the external otitis of divers. It is a common secondary
invader in burned tissue, and is frequently the late cause of death in patients
with extensive burns.

The condition of prickly heat, or miliaria, is common in people in hot
climates and particularly hot, humid climates. The condition can be annoying,
or become more and more severe until the patient is disabled. The subject is
reviewed in two recent publications, those of Leithead and Lind (1964) and
Lobitz and Dobson (1965). The condition results from a plugging of the sweat
gland duct either superficially or deep. Various qualifications of the term
miliaria are used by dermatologists. These include: miliaria crystallina,
where the superficial opening is plugged and a blister or vesicle of clear
sweat appears under the superficial layers; miliaria rubra involves plugging
with a reddening of the surrounding tissue; miliaria pustulosa describes
plugging with cloudy fluid in the vesicles from infection and inflammation;
miliaria profunda involves plugging of the sweat gland duct in deeper and
deeper layers, this being a later stage following repeated exposure to heat
and humidity. Miliaria is successfully treated by removing the person from
the hot, humid conditions; numerous creams, powders and ointments have
proven to be of no avail.

There is considerable experimental verification that wetting of the
skin causes changes in its usual barrier function. Thus Onken and Moyer
(1963) found that the water barrier in human epidermis can be virtually re-
moved by extracting the stratum corneum chemically with acetone followed by
hexane. The structure of the stratum corneum itself is not responsible for
the barrier, but rather some complex of lipids or lipoproteins. Malkinson
(1965), Stoughton (1965), and Suskind and Ishihara (1965) all report that hydra-
tion of the stratum corneum increases the penetration of various agents. They
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offer considerable data in support of the hypothesis that repeated wetting
enhances percutaneous penetration and that the effect may be cumulative.
Agents tested were of many types, including edible oils, alcohols, steroids,
and pharmacologic agents which cause vasoconstriction or vasodilation,

In view of this large body of experimental and clinical experience con-
cerning the detrimental effect of repeated or persistent skin wetness, space
suits and constant wear garments in the capsule should be so designed as to
allow the skin to remain dry as much as possible. Provision should be made
for removing the impermeable garment periodically so that the skin can be
restored to its normal level of hydration.

OPERATIONAL CONSIDERATIONS

In this section we shall consider those aspects of human water exchange
which are of concern in the operation of a space flight and of use to engineers
who must design water supplies and control the humidity of the suit or cabin
atmosphere. Drawing upon the physiological explanations of the preceding
sections, and omitting further considerations of medical problems dealt with
in the preceding section, this section deals with the specifics of water supply,
mild dehydration which may be expected, and finally, definitions of comfort
and the environmental indices which include water vapor as a factor.

Water Supply

How much water does a man need per day? There are nearly as many
answers to this question as there are different situations where water is criti-
cal. It is clear that the environment and the expected activity of the man are
of great importance in determining the quantity. Laddell (1965) found that the
official British Army allowance of 9 liters (2 gallons) of water per man per
day was in fact only the amount required for drinking on the average; the total
quantity which had to be supplied logistically was 22 liters (5 gallons) per man
per day which included the water used in cooking, the water used for washing,
for vehicles and for other purposes, as well as the 9 liters used in drinking.
The effect of environmental conditions on water supply for military personnel
is seen clearly in Figure 14 taken from Welch et al (1958).

For the space environment there are some specific recommendations
to be found in recent literature. The Space Medicine Advisory Group
(Vinograd, 1966) recommends as follows:

"Water--2.5 liters per day (1 cc per calorie of food). Water

intake should be sufficient to maintain the urine at a specific
gravity of 1.015 or less or a volume of at least 1 to 1-1/2
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Figure 14. The relation of fluid intake and mean ambient temper-
ature for military personnel, from Welch et al (1958).

liters per day to avoid the development of urinary gravel.
Water should be consumed in definite quantities on a pro-
grammed schedule. Daily measurements of body mass
should be used to adjust water intake.'

Notice, however, that this recommendation is based upon considering astro-
nauts who are relatively confined in an orbiting laboratory where the environ-
ment is kept near comfort at all times.

In the Gemini program the water supply provided was 6 lbs (2.7 liters)
per man per day (Berry et al, 1966).

In a thorough-going review of human water requirements as related to
space flight, Johnson (1964) calculates the minimum basal requirement for
water would be approximately 800 ml per day, of which 550 ml would be in
liquid intake and 250 would be from metabolic sources. This is definitely
stated to be minimal and assumes that the environment is so controlled that
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insensible water loss is kept to its lowest level and there are no excessive
losses from sweating, diuresis, or other pathways. Johnson's table of daily
water turnover is interesting by comparison to the data given in the first sec-
tion of this report. His table is as follows:

Typical daily water turnover (Johnson, 1964)

Source Wt., g
Input:
Beverage 268
Food moisture 2018
Water of oxidation 254
Preformed: 333
Total Inputs 2573
Output:
Urine water 1482
Fecal water 105
Insensible water 1102
Sweat 0
Total output: 2689
Water balance (input-output) -116

Johnson goes on to show how the basal minimal requirements must be
increased for activity levels higher than basal, for osmotic balance, and for
thermal environment. His method for calculating the increment over basal is
as follows:

Basal Minimum Water Requirements and Increments for Activity,
Osmotic Balance, and Thermal Environment (Johnson, 1964)

Basal minimum = Renal + Dermal + Pulmonary =
800 ml

Renal increment for osmotic adjustment = +(Predicted excretion, mOsm/
day-400) X 2

(Estimated kcal above basal)
0.58 X 4

Insensible water increment for caloric output

Sweat increment for temperature, humidity,
air motion, work, and clothing

]

6 X(predicted 4-hr sweat rate)

Pulmonary increment for hyperventilation (Estimated pulmonary minute
volume - 10) X (Absolute
humidity of expired air -
Absolute humidity of inspired
air)
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It is worth while to consider two of these increments in more detail. Let us

examine (1) the effects of exercise and environment, and (2) the effects of
diet on the obligatory urine volume,

The section on thermoregulatory sweating set forth the basis for the
estimation of water loss by sweating as a function of environmental conditions
and of metabolic or work rate. Activity level becomes high during extra-
vehicular activity (EVA), a fact which is now clear to everyone as a result of
the Gemini flights where the work load of EVA produced high heart rates,
high respiratory ventilation rates, and heavy sweating, How high the actual
metabolic rate is during extravehicular activity either in orbit or on the lunar
surface remains to be seen. The report of Roth (1964) is our best present
estimate of these metabolic loads. It is quite possible that even these esti-
mates, considered too generous at the time, will prove to be low. The data
summarized in Figure 10 of this report show sweat rates for three different
environments at metabolic rates up to 600 kcal/hr. In a warm spacesuit en-
vironment 400 kcal/hr produces 600 gm/hr of sweat. In designing the water
requirement for a mission in which EVA is included, a special water incre-
ment should be added for this kind of activity provided the suit cooling system
is inadequate to keep pace with heat production. There are better suit cooling
devices under design currently. Water cooled suits can be made to remove
very high levels of heat production with no sweating on the part of the man,
something which is now done routinely in several laboratories.

To summarize, an increment in an astronaut's daily water supply
should be allowed on the basis of expected activity level and a best estimate
of environmental load. The thermal index which is most nearly suited for
this sort of calculation is the P4SR scale, which is defined below.

Turning now to the subject of the effect of diet on water requirement,
there are two separate factors active here, The first of these is relatively
small and easily defined; it is the metabolic water produced as a function of
the proportioning of components in the diet. A more important effect is that
of the protein content of the diet, which affects the volume of urine which
must be excreted to carry away the solutes produced by metabolism.

The calculation of metabolic water is done with the following formula
(Webb, 1964):

W = .555 carbohydrate + 1.071 fat + 0.413 protein

The answer for W, water, comes out in grams per day when the dietary com-
ponents are given in grams/day. The range of variation is not large. For
example, we have computed the metabolic water produced from a 3000 kcal
per day diet with four different dietary mixtures ranging from very high
protein to zero protein. The figures are:
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Metabolic Water from 3000 kcal Diets with varying component mixtures

Proportions Metabolic Water
Diet 1 50% Pro, 50% Fat, 0% CHO 314 gms/day
Diet 2 30% Pro, 30% Fat, 40% CHO 347 gms/day
Diet 3 10% Pro, 10% Fat, 80% CHO 381 gms/day
Diet 4 0% Pro, 0% Fat, 100% CHO 402 gms/day

It is clear that the change in metabolic water for 3000 kcal diets which vary
from no carbohydrate to pure carbohydrate is small, only about 100 gms.

If the total caloric intake is smaller than 3000 kcals, the total metabolic
water is correspondingly decreased. So the water-sparing effect of a high
carbohydrate diet is small in terms of metabolic water. Such is not the case,
however, for the increasing requirement for water to excrete metabolic waste
with increasing amounts of protein in the diet.

We have seen in earlier sections of this report that water loss from
the body surface and from the respiratory tract is obligatory and takes pre-
cedence over maintaining an absolute water balance if thermoregulation is
threatened. We have also seen that there is a shift in body water associated
with the weightless condition. The kidneys are required to do their best to
maintain water balance in spite of these loads. But there is an irreducible
level of urine production related to the quantity of electrolytes which must be
excreted each day to maintain osmotic balance in the body. The kidney re-
sponds to a water deficit situation by secreting increasingly concentrated
urine., But there is a maximum osmotic level, or urine concentration, which
it can normally achieve. Gamble (1950) gives this as 1.4 osmoles/liter.

The quantity of osmotically active material which must be excreted
each day is a function of the dietary composition. On a pure carbohydrate
diet, or a diet consisting of only fat and carbohydrate, the osmotic load is
minimal. That is, the end products of metabolism of fat and carbohydrate
do not produce electrolytes to be secreted in the urine, only water and COs,.
The metabolism of protein, however, does produce osmotically active
material, principally urea.,

Laddell (1965) states that the minimum urine flow on a pure carbo-
hydrate diet in the face of water deficit is 4 to 5 ml per hour (96 to 120 ml
per day) whereas with a high protein diet the minimum urine flow is 20 to
25 ml per hour (480 to 600 ml per day).
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Suppose that an astronaut is on a 3000 keal per day diet with the four
different compositions given in the table above. Suppose, further, that he had
lost water excessively for thermal reasons and was dehydrated. In the face of
a demand for minimal urine flow to conserve water, the effect of the diet on
minimum urine volume for the day would be as follows:

Total Solutes* Minimal Urine Volume#*
Diet 1 (50% Protein) 1892 milliosmols 1400 ml/day
Diet 2 (30% Protein) 1212 milliosmols 880 ml/day
Diet 3 (10% Protein) 523 milliosmols 310 ml/day
Diet 4 ( 0% Protein) 180 milliosmols 100 ml/day

*Assuming constant low values for potassium of 40 meq/day,
chloride 65 meq/day and potassium 70 meq/ day, and com-
puting urea from the quantity of nitrogen available in the
protein of the diet.

*¥Using the average maximal concentrating ability of the
kidney at 1.4 osM/liter (Gamble, 1950).

Mild Dehydration

As an operational problem, mild dehydration is likely to be present,
a dehydration over and above the shift of body water which was discussed in
Section V to be a result of the weightless environment. Dehydration as a
topic was considered in an earlier section. It is brought up again here be-
cause small amounts of dehydration can easily become cumulative if continued
day after day, as experience with troops in hot climates has shown. The
problem becomes one of recognition, and of what to do about it.

Definition of terms is in dispute. I have chosen to use the term
""mild dehydration'' to be the same as the ''"voluntary dehydration'' of Adolph
(1947) and Laddell (1965) and the 'involuntary hypohydration' of Greenleaf
(1966). The process referred to is that seen in men who, for example, are
working in heat, or otherwise losing water at a high rate. These men seldom
replace water as rapidly as it is lost, and during the period when body weight
is reduced, that is before weight loss has been made up by water ingestion,
there is a water depletion which may amount to 1-2% of body weight. Many
people in hot industrial situations, and people who live in hot climates, carry
such a weight deficit through the day, and make it up in the evening. Com-
plete rehydration does not occur during the day because the men do not volun-
tarily increase their water intake sufficiently. Greenleaf calls this period of
depletion involuntary on the part of the person. Apparently neither water
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loss alone nor water and salt lost together produce thirst appropriate to a de-
pletion of body water of 2-3% of body weight (Greenleaf, 1966).

Laddell (1965) feels that there is 2 liters of "free circulating water'
which is expendable without gross physiological disturbance. He feels that
voluntary dehydration is simply a loss of this free circulating water in men
who are habitually overhydrated.

Whether this temporary depletion of body water is significant is a moot
point; it certainly would become significant if the depletion were not made up
on a day to day basis and the depletion became cumulative. Also, as pointed
out in an earlier section, mild dehydration has recently been shown to affect
performance measures. There are the additional problems in spaceflight of
weightlessness, orthostasis on return to Earth, and the high physical effort
involved in extravehicular activity.

One of the difficulties in assessing this problem will be knowing when
mild dehydration has progressed and accumulated over time. An accurate
means of measuring body mass in weightlessness would be an important addi-
tion to medical monitoring in flight. The usual clinical intake-output records
will hardly serve, since these deal only with fluid intake and urine output.

If a deficit is discovered which is greater than should be expected from
the readjustment of weightlessness, there is a definite requirement for flight
controllers and medical personnel to urge the astronauts to rehydrate,

Ideally the rehydration should occur by taking small amounts of water fre-
quently during the time the water loss is high. Drinking large amounts of
water may produce diuresis, with a net loss of body water (Kenney, 1954).
Also, drinking large amounts of water may provoke gastric distress and
vomiting. It is better to make up water loss as it is occurring by continually
taking small amounts of water,

Comfort and Environmental Indices

In the context of this report on human water exchange we are concerned
principally with those departures from comfort which affect water loss,
specifically heat stress and sweating. In the section on thermoregulatory
sweating, minimal sweating was defined arbitrarily as any sweat rate occur-
ring when weight loss was less than 100 gms/hr. Such low levels do not
affect water economy.

Comfort zones of temperature and humidity and air motion have been
defined for many situations; one such comfort zone may be found in the Bio-
astronautics Data Book page 108 (Webb, 1964). Such a comfort zone, however,
like most conventional comfort definitions, does not specifically show the
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effects of activity, total pressure, gas composition, air motion, clothing,
acclimatization, and so forth. The large number of variables which affect
comfort explains why there is no universal definition of the term. A complete
definition must include both physical and physiological variables.

The environmental indices which help to define comfort in conventional
situations, i.e. Earth conditions at rest, include the following: the ASHRAE
comfort chart which defines the zones of dry bulb and wet bulb temperature
selected by large numbers of people as feeling comfortable, both for winter
and for summer (ASHRAE, 1963); Effective Temperature (E. T.), which
includes the variables of air movement, air temperature, and humidity
(Houghton and Yaglou, 1923; Leithead and Lind, 1964; Newburgh, 1949);
Operative Temperature (To), which stresses the effect of radiant heat load in
addition to air motion and dry bulb temperature (Gagge, 1941, and Newburgh,
1949); Reference Operative Temperature (Tor), which adds the humidity effect
to operative temperature (Blockley et al, 1954); Web Bulb Globe Temperature
Index (WBGT), which combines the effects of humidity, air motion, radiant
temperature and dry bulb together (Yaglou and Minard, 1957; Leithead and
Lind, 1964); and the Predicted Four Hour Sweat Rate (P4SR), the only envir-
onmental index which combines humidity, air motion, dry bulb and radiant
temperature, clothing and activity level (Macpherson, 1960).

Each of these indices has its own advantages, and each can be used to
define comfort for certain conditions. The ASHRAE chart, which shows E. T.
lines on a grid of wet bulb/dry bulb lines, is empirically derived from a large
and varied population sample, and has had wide application in heating and
cooling of homes and offices. It does not permit assessment of the effects of
work or unusual clothing, and it only attempts to define comfort. The E. T.
scale is also backed by long experience, and was also derived initially as a
subjective assessment of how warm or comfortable various combinations of
air temperature, humidity and air motion felt to seated subjects. The E. T.
has been enlarged to include the effect of increased radiant loads, yielding
the C. E. T., or Corrected Effective Temperature. But neither E. T. nor
C.E.T. can be used successfully in defining the physiological effect of high
thermal loads from the environment, or the changes brought to comfort and
physiological stress by increased activity, and by special clothing. Operative
Temperature (TO) was defined without a humidity term from the physical laws
governing heat exchange, and tested experimentally in a human calorimeter.
Clothing was minimal, activity was limited to seated at rest, and no physio-
logical term and no evaporative effect was included. T, added a humidity
term to T, by modifying T, in terms of the actual vapor pressure referenced
to a standard vapor pressure of 20 mm Hg. (The effect of vapor pressure
below 15 mm Hg on the value of T, was small.) The WBGT index uses a
globe thermometer, a standardized 6-inch black sphere with a thermometer,
to combine the effects of radiation (e.g. from the sun) and air motion into a
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single temperature, to which is added the dry bulb and wet bulb temperature,
each with its separate weighting. The WBGT index has been used successfully
outdoors in helping control the level of exertion to be expected from military
personnel. It is a relatively new index, and does not include any physiological

variable or clothing effect,

There are other indices of environmental stress, some based entirely
on the level of physiological strain produced in test subjects. These usually
combine heart rate, sweat rate, and increase in body temperature in a stan-
dardized fashion. None would be too helpful in designing spacecraft or suit
environments except as a means of measuring the severity of a postulated set

of conditions.

The P4SR, although derived under rather different conditions than
expected in space flight, offers some hope if suitably extended. It was origin-
ally based on several sets of experimental data taken on heat-acclimatized
young men in Singapore and in environmental chambers. Work, clothing, tem-
perature, air motion, and humidity were variables. The physiological term
was the amount of sweat produced during a four hour exposure, hence the
name. However, it is unsafe to use it as a means of predicting sweat rate
unless all the conditions are similar to those originally used. Used with care,
it does allow prediction of comparative thermal effect for a range of thermal
conditions, as shown in the recent study by Blockley (1965). Here, too, it is
seen that if the environmental humidity is below about 15 mm Hg vapor pres-
sure, the thermal effect of humidity is small.

A definition of P4SR and how it can be used is found in Macpherson
(1960); its limitations are also stated in that report. The limitations are
chiefly those of a narrow range of activity (up to 250 kcal/mZ2hr), limited
clothing combinations, and the fact that all the subjects were heat acclimatized.
The computation procedure, which includes several steps, and which is com-
plex enough that it should be accompanied by more explanation than we have
room for here, leads to definitions of environments in terms of thermal stress.
I do not recommend that the P4SR be used for predicting sweat, but rather for
comparing environments in terms of thermal stress, to be followed by experi-
mental evaluation of the environments, with sweat production being taken as
one dependent variable. The data of Blockley (1965) which are shown in Figure
10 are an example of such usage of the index, More such usages could lead to
useful extensions of the P4SR scale to cover the environmental and physiological
conditions of space flight.

It is important to define comfort and levels of thermal stress for the
purpose of predicting water exchange in active astronauts. The thermal stress
and high sweating observed in the extravehicular activity of the Gemini flights
underscores the need for a more complete and useful definition. We do not
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have a good definition of comfort or a good environmental index for this

purpose.

The P4SR index probably comes closest, but it cannot be used

easily, nor can it be used in situations much different from those under which
it was derived. Here is an important area for research in support of manned
space flight. It is distasteful to evade the issue like this, but it would be
even worse to promise engineers and operational personnel that physiologists
have indices and formulae able to cope with new situations as they occur in
space flight,

RESEARCH AREAS

The following areas in water exchange call for new researchs;

=

Research is needed to clarify the mechanism(s) involved in the per-
sistent weight loss of manned space flight. Also there should be

an investigation of the potentially deleterious effects of lower

body water content during the flight and on return to Earth.

. An index of thermal stress should be specifically developed

and validated for space suit and space capsule conditions.
A likely candidate for further refinement is the P4SR scale.

. A method should be developed for daily accurate determinations

of body mass. This is important operationally for medical
monitoring, it being the only way to detect dehydration. The
technique would further be useful in studying the water loss of
weightlessness and for assessing thermal stress. For similar
reasons there should be a reliable technique for measuring
urine volumes during the flight.

Water requirements should be defined for the many different
conditions in space flight which modify the basic requirement
of approximately 2500 ml/man day. Experimental evaluation
of suit and cabin environments, activity levels, diets, weight-
less conditions, and effects of short-term and long-term
dehydration should be undertaken to sharpen estimation of
water requirements.

The physiological and performance effects of mild dehydration
should be studied further, since this type of stress is to be
expected in space flight,

Skin maceration should be studied during prolonged wearing_
of space suits, with various realistic activity levels and various

cooling systems employed.
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SUMMARY

As background for the rest of the report, water exchange in normal man
is reviewed, and the general nature of the control of water content and
osmoregulation in the body is given. Insensible loss, minimal urine flow,
and sweating are obligatory or priority processes, and drinking is
necessary to maintain fluid balance. Total water turnover, including

the flow of digestive juices and renal filtration, amounts to more than

182 liters per day. Fluid intake and output are nominally 2.4 liters/

day. Any prolonged imbalance in this external exchange causes either
dehydration or edema.

Insensible water loss, a process not regulated by the body, amounts to
936 ml/day nominally, and consists of diffusional water loss through the
skin (15 gms/m&2hr) and respiratory water loss (12 gms/hr). The rate
of cutaneous diffusion is increased by low ambient vapor pressure, by
high skin temperature, and by low barometric pressure. When the
spacecraft environment is at 1/3 atmosphere, insensible loss should
increase by 5-10 gms/hr, or 120 to 240 gms/day. Respiratory water
loss is increased by high respiratory ventilation and by dry inspired
air. Cold inspired air is accompanied by lower expired air tempera-
ture and lower absolute water content.

. Non-thermal (psychogenic) sweating is water lost from sweat gland

activity of the palms, soles, axillae and face as a result of tension,
excitement, alertness, etc. It accounts for up to 220 gms/hr of weight
loss in resting subjects in the laboratory.

Sweating for thermal purposes is influenced most strongly by the warmth
of the environment and the metabolic level. When the air humidity is
below 15 mm Hg vapor pressure, at rest, thermal sweating in the nude
man begins at an air-wall temperature of 29.5° C; at a mild activity level
of 250 kcal/hr it begins at 20.5° C; and for moderate work of 400 kcal/hr
at 10°C. Once sweating begins, at a given activity level, its rate in-
creases linearly with skin temperature. Or in a given environment,
sweat rate increases with metabolic rate. Sweat rates of 300-600 gms/hr
are commonly seen in air-ventilated pressure suits (and the wearing of

a pressurized pressure suit at least doubles the metabolic cost of a

given activity). Acclimatization to heat sensitizes the sweating response,
and sweating is more copious on a given exposure to work and heat,
Continued exposure for many hours to humid heat and work where
sweating is heavy is marked by a progressive decline in sweat rate

after the second hour.



5. An unexpected finding in manned space flight is a consistent reduction
in body weight of 2-5%, which is independent of flight duration. Urine
production is probably high, and the changes in weight, urine, and
plasma volumes are similar to those seen in water immersion and
prolonged bed rest. The mechanism of the suppression of ADH via the
Gauver-Henry reflex is reviewed and the hypothesis is advanced that water
content of the body is readjusted to fit the weightless situation in which
there is no need for enough blood volume to allow gravitational pooling
in dependent parts of the body. The total readjustment of all fluid com-
partments probably takes longer than a week; flight data from the longer
Gemini missions are in general consistent with this hypothesis.

6. Medical problems related to water production in space suits and capsules
include heat storage and heat exhaustion, dehydration, and skin hygiene.
Heat storage, which has occurred in pressure suit work and in sealed
capsules, like the near-diastrous Manhigh III balloon flight, can lead to
the dangerous medical condition of heat collapse, which, if untreated,
leads to heat stroke, a fatal condition. Heat exhaustion from water
depletion or water and salt depletion is a syncopal condition usually seen
in men unaccustomed to work in heat. Dehydration can be a major medical
problem if it progresses beyond the level of 6% reduction of body weight.
When dehydration of 1-4% develops, performance is impaired, tempera-
ture regulation is changed, and tolerance to passive tilting and +Gy
acceleration is impaired. Water accumulation on the skin or high
moisture content of air within sealed clothing causes hydration and
maceration of the skin, which increases problems from microbiological
invasion and also reduces the normal skin barrier against penetration
of potentially harmful agents.

7. The water which man constantly evolves from his skin and respiratory
tract represents a specific loading on the spacecraft environmental
control system (ECS) or the portable ECS of extravehicular space suits.
Quantities of water produced are determined by the man's activity level
and the adequacy of cooling. Thermal sweating quickly increases the
water load on the ECS. The humidity of the microenvironment next to
the skin should be kept at or below 10 mm Hg to avoid problems of skin
hygiene and heat storage. Adequate cooling to prevent sweating and
easily available, early and frequent fluid replacement are important
in preventing dehydration.

8. The water supply for astronauts has a nominal value of 2500 ml/man-day
plus calculable increments for increases in activity and for thermal loads
causing sweating. Diets low in protein cause lower obligatory urine
volume, hence lower water requirements if the water supply runs low.
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9. Mild dehydration can be an operational problem of some magnitude if
"involuntary hypohydration' is not corrected and becomes cumulative
day after day. Rehydration is necessary, ideally in small amounts
during periods of high water loss. A means of measuring body mass
would be a valuable monitoring tool.

10. No adequate definition of comfort is available yet for active astronauts,
although conditions which do not require sweating at even high activity
levels are ''comfortable' in terms of water economy. The only envir-
onmental index which approaches the need for assessing the human
and environmental conditions of space flight is the P4SR; it needs
further specific development for the various conditions which may occur.
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