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MANNED SPACE flight is now a reality
and data is available regarding the physiologic
effects of short periods of weightlessness.® The
results of our initial manned orbital space flights
indicate that although certain physiological
changes do occur during relatively short expo-
sures to weightlessness, such changes have not
been of operational significance and have been
of a rather minor nature. This lack of gross
physiologic alteration was not unexpected as
such pioneer experiments as the rocket studies
of J. P. Henry in the late 1940’s showed that in
sedated monkeys exposure to weightlessness for
periods of approximately 2 minutes produced no
significant changes in arterial or venous blood
pressure or heart rate.? However, the minor
changes which have been observed in recent
flights pose some intriguing questions concerning
etiology and indicate some rather fertile areas
for future research. It seems reasonable to con-
sider that in a zero gravity environment signifi-
cant alteration of certain gravity conditioned
biologic systems will occur as predicted by
Gauer and Haber in 1948% and inferred by
Graveline, et al, from studies of human decon-
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ditioning.* The present discussion is an attempt
to formulate an approach to one aspect of this
large unknown.

RECUMBENCY AND IMMERSION AS ANALOGUES
OF WEIGHTLESSNESS

Prolonged weightlessness as will be experi-
enced by the space-flying astronaut cannot be
produced on earth and must, for the present, be
studied by analogy or indirection. Recumbency
and water immersion are presently being re-
investigated as it is felt that with regard to cer-
tain physiologic systems these situations can be
realistically called analogues of weightlessness.
In particular in these situations, the hydrostatic
pressure effects of body fluids due to gravity are
minimized, in recumbency by reducing the
height of the fluid column and in water immer-
sion by the counter pressure of the immersion
fluid. A decreased demand for musculoskeletal
support to counteract the force of gravity is also
characteristic of both situations.

In both recumbency and immersion significant
redistribution and mobilization of body fluids
occur. The hydrostatic pressure of body fluids
due to gravity exerts considerable effect during
a change in posture especially on the vascular
compartment. Compensatory readjustments are
required to maintain optimum balance between
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the circulatory system and other body fluids.
On assuming the upright posture, systolic and
diastolic blood pressure rise, the systolic some-
what less, the pulse pressure decreases, heart rate
increases and the cardiac output falls.®> In sub-
jects changing from recumbency to standing,
Thompson, et al, noted a loss of protein free
fluid from the blood due to increased capillary
pressure.® This amounted to 11 per cent of the
total plasma volume. Using the carbon monoxide
method of blood volume determination, Water-
field observed a 15 per cent decrease in total
plasma volume after 40 minutes of quiet stand-
ing.” Epstein, et al, also reported a decrease in
plasma volume during standing and described,
in addition, a fall in renal plasma flow and filtra-
tion and in the excretion of water and sodium.®

Conversely, in the recumbent position, the
hydrostatic column of blood due to gravity is
diminished to approximately one-seventh its
value erect and compensatory fluid shifts occur.
Sjostrand studied five male subjects and found
that an average of 643 ml of blood or approxi-
mately 11 per cent of the average blood volume
was shifted from the lower extremities to the
rest of the body after lying down. Of this blood
78 per cent was taken up by the thorax.® The
diuresis associated with recumbency has been
long known and is discussed in detail in a recent
review of salt and water volume receptor mech-
anisms.’® Bazett, et al, in 1924 confirmed the
then well recognized fact that a dilute urine may
be excreted on assuming the recumbent pos-
ture.!> Hulet and Smith state that the recum-
bent diuresis in hydropenic subjects is princi-
pally an osmotic diuresis related to an increased
excretion of sodium.’® Thomas has suggested
that recumbency may affect an extracellular fluid
volume receptor mechanism which, by decreas-
ing aldosterone secretion by the adrenal, would
decrease sodium reabsorption by the renal tub-
ules.’® Such volume receptor mechanisms have
recently been identified for the reflex regulation
of aldosterone secretion.?* Citing evidence for
cardiac atrial volume receptor mechanisms,
Henry, et al, note that in general all procedures
associated with increased filling of the intra-
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thoracic circulation, including recumbency and
immersion, are accompanied by an increased rate
of urine flow. They present evidence for reflex
inhibition of the antidiuretic hormone (ADH)
by increased filling of the left atrium with a
resulting diuresis.’> This mechanism is now ac-
cepted as the Henry-Gauer reflex. Smith has
stated that this mechanism is a reasonable ex-
planation of the free water diuresis of recum-
bency.1?

In the water immersion situation the hydro-
static pressure effects of the circulatory system
are largely neutralized by ambient water pres-
sure and circulatory compensation for postural
change is no longer required. Epstein noted that
the diuresis of recumbency tends to persist when
assuming the erect posture in water.® Gowenlock,
et al, report that while sodium excretion de-
creases considerably standing in air after recum-
bency, there is no change while standing in
water after recumbency. Aldosterone excretion
decreases during recumbency and during stand-
ing in water but increases while standing in air.*®

A pronounced diuresis has been observed
consistently during immersion of human subjects
in water. This was first described in detail by
Bazett, et al, in 1924 and was noted during
water immersion experiments done by Grave-
line, et al, at the USAF School of Aviation Med-
icine.t In the latter experiments the subject
wore a dry type rubber suit of conventional
SCUBA design and was immersed with his head
out for seven days with the exception of brief
daily periods of emersion for electrode change
and skin hygiene. Diuresis began soon after
immersion, and after six to 12 hours was accom-
panied by a demanding polydipsia. This phase
lasted for about 72 hours at which time hema-
tocrit values of 57 and 58 and clinical evidence
of plethora were noted (Fig. 1). The diuresis
was associated with a simultaneous increase in
urinary nitrogen excretion.

Following this 72-hour period, the diuresis
abruptly subsided to near control levels of urine
flow, and hematocrit and urinary nitrogen excre-
tion values returned to normal. A diuresis is
known to be associated with negative pressure
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breathing.'® Initially, this was believed to be the  breathing does exist in head-out water immer-
mechanism for the observed immersion diuresis  sion.

for certainly an element of negative pressure Further studies were designed to investigate
20 T 4000
LEGEND: |
O — NITROGEN
z ® = VOLUME g N
g 15 3000 g
\ :
I c
< 10 2000 2
N X\/ A
& S
2 R
g A
ob—"i 1
CONTROLS SEVEN DAY TEST
I I m 1 2 3 4 5 6 7

Fig. 1. Twenty-four-hour urine volume and urinary nitrogen excretion during
seven days of immersion demonstrating the polyuria which was most marked
during the first three days.
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the mechanisms of the diuretic response to com-
plete immersion with unrestricted activity. A
modified partial pressure helmet with a regulator
to compensate for ambient water pressure was

tral nervous system is known to be extremely
sensitive to a variety of cortical and sub-cortical
influences; indeed, a free water diuresis can be
elicited by hypnotic suggestion®®, but the consist-
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Fig. 3. Osmolar clearance, urine to plasma osmolar ratio and free water
clearance comparing the six-hour test results of each subject with his unimmersed

control.

used.’® In such experiments the diuresis still
occurs. In a series of experiments (Fig. 2), the
effects of weight bearing and of the administra-
tion of pitressin on the diuresis of water immer-
sion were studied in 10 subjects immersed for
one hour.

In the free-floating (non-weight bearing) im-
mersion situation, a four-fold increase in urine
flow is seen with a two-fold increase in urea and
a six-fold increase in sodium excretion. Solute
concentration as reflected in the urine specific
gravity is markedly reduced. The administration
of pitressin returns urine flow and solute excre-
tion to the control range. This suggests that the
increased urine flow during immersion is the
result of the inhibition of ADH release with a
resulting water diuresis as ADH (pitressin in
this case) has little effect on a solely solute
diuresis. ADH similarly inhibits the diuresis of
recumbency.!® The release of ADH by the cen-
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ency of the diuretic response to water immersion
in large numbers of subjects in a variety of
experimental conditions mitigates against any
such non-specific response.*51%1? Simple weight-
bearing with a camper’s back pack during im-
mersion with weight added in 50-pound incre-
ments produces a corresponding decrease in
urine flow. The mechanism of this observation
is obscure. Exercise is known to cause a variable
and inconsistent anti-diuresis but the effect of
weight-bearing during immersion on cardiovas-
cular and renal function is unknown.

In five subjects the effects of a six-hour period
of complete water immersion with compensated
respiratory pressures on urine flow, solute excre-
tion, hematocrit, serum solutes and renal func-
tion were studied.’” Osmolar clearances, the
urine to plasma osmolar ratio and free water
clearances were determined for the five subjects
during six-hour non-immersed control periods
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and during immersion (Fig. 3 and Tables Il and
III). There is an increase in osmolar clearance
during immersion reflecting increased solute ex-
cretion, particularly of urea and sodium. How-
ever, all subjects demonstrated a decrease in the
urine to plasma osmolar ratio and the free water
clearance tended to become positive during im-
mersion. In this study plasma creatinine deter-
minations were not made but a mean value of

1.0 mg/100 m! was used to estimate endogenous:

creatinine clearance as an indication of glome-
rular filtration (GFR). A mean increase in the
estimated GFR of about 75 per cent occurred
during immersion,

Although the diuretic response of immersion
appears to be an extension of recumbency diu-
resis, it remains to be determined whether the
naturesis and diuresis of water immersion may
be ascribed to volume receptor mechanisms or
to altered renal hemodynamics or both. The
increased free water clearance during immersion
suggests that the diuresis is due in part to ADH
suppression as in recumbency. Urinary urea
excretion is consistently and persistently elevated
during the water immersion diuresis (Fig. 2;
Tables 1, IT and III). Whether the urea origin-
ated from muscle tissue under relative disuse
conditions or whether it was “fushed out” of
renal medullary interstitium by the increased
rate of urine flow also remains to be determined.

IMPLICATIONS FOR ZERO GRAVITY

The data obtained from the study of weight-
less analogues can be extended to describe
weightlessness in space only with great caution.
In a weightless environment hydrostatic pressure
effects are eliminated. In the situation of re-
cumbency in which hydrostatic pressure influ-
ences are minimized by the horizontal position,
significant redistribution of body fluids occurs.
In recumbency blood volume initially increases,
and is redistributed cephalad with an increase in
the filling of the intrathoracic circulation. Atrial
volume receptors are presumably stimulated,
reflexly inhibiting the release of ADH, causing
a water diuresis. Renal blood flow is augmented
and glomerular filtration is increased. The urine
excreted in this circumstance is characterized by

Novemeer, 1962

decreased osmolarity and by decreased concen-
tration but increased output of sodium, potas-
stum and urea. This response appears to be
directly related to hydrostatic pressure influences
and suggests the real possibility that in a weight-
less state significant redistribution of body fluids
can be expected with a compensatory diuretic
response having the above characteristics.

The diuresis seen during recumbency is tran-
sient and self-limiting as compensatory mechan-
isms come into play. However, in all reported
studies of the diuresis of immersion, with head
out or with compensated respiration, the diuresis
is persistent or non-adapting. Graveline et al, in
their seven-day study of head-out immersion,
noted a persistent 214 fold increase in urine
flow for the first 72 hours of immersion.* Further
studies with complete immersion and compen-
sated respiratory pressures demonstrated an in-
creased free water clearance throughout a six-
hour immersion test.>” In the case of immersion,
the postulated reflex inhibition of ADH appar-
ently persists for some hours unlike the diuresis
of recumbency or continuous negative pressure
breathing in which urine flow returns to normal
after 60 to 90 minutes in spite of continuation
of the stimulus.?® Other short term studies con-
firm persistence as a characteristic of the water
immersion diuresis.*>*®* A result of the persist-
ent diuretic response in these cases has been a
tendency to hemoconcentration and dehydration.

A number of mechanisms can be suggested to
explain the phenomenon of non-adaptation or
persistence of the diuresis of immersion. A rela-
tive decrease in osmotically active muscle tissue
components due to decreased muscle activity
may occur during immersion with loss of muscle
tissue water into the extracellular fluid, including
the vascular compartment. The effect of con-
tinued high levels of urinary nitrogen excretion
(Fig. 1) as an osmotic diuretic must also be
considered. Another possible contributing factor
is contained in the relation of altered proprio-
ceptive input to the central nervous system. On
earth, in a one-gravity force field, much of the
sensory input which originates in receptors in
muscles, tendons and joints can be regarded as
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gravity dependent and relates to the anti-gravity
component of musculoskeletal activity. Proprio-
ceptive input from these receptors has been
termed mechanoreceptive in order to differen-
tiate it from that which originates in the laby-
rinth. In the free-floating condition of weight-
lessness and of water immersion, because there
is no requirement for anti-gravity compensation,
this mechanoreceptive feedback is theoretically
considerably diminished. This feedback has been
suggested as playing a significant part in the
maintenance of a variety of reflex systems,?1:22:23
but its effect on specific reflex arcs such as the
ADH regulation of blood volume is unknown.
Gazenko,?* in his discussion of the Russian bio-
astronautics results, noted a number of physio-
logical findings which pointed towards a certain
instability of the central apparatus regulating the
vegetative functions. Mention was made of the
possibility that the observed phenomena were
caused by altered function of the receptor instru-
ments of a number of afferent systems, including
the vestibular apparatus, under the state of
weightlessness.

Body fluid distribution is only one of the
biologic systems having known gravity orienta-
tion or dependence. Other areas of prime con-
cern are the anti-gravity components of the
musculoskeletal and cardiovascular systems. It
has been amply demonstrated that serious de-
conditioning of these systems occurs with pro-
longed exposures to environments in which the
necessity for gravity-compensation has been
reduced.*?2:2%2627 The metabolic and circula-
tory changes associated with bed rest or immo-
bilization are well known to physicians and
include increased excretion of nitrogen and cal-
cium, loss of muscle mass and weakness and
impaired orthostatic tolerance.?® Similar effects
are observed during and following water immer-
sion.* Blood volume is also known to decrease
progressively for the first two to three weeks of
prolonged bed rest in spite of its initial augmen-
tation due to recumbency.??%27 Although much
of this decrease is undoubtedly due to decreased
demands for hydrostatic pressure compensation,
teleclogically, it may also reflect the decreased
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needs for oxygen transport in the hypodynamic
bed rest condition.

Only by extending our knowledge to the
basic physiological mechanisms involved in grav-
ity-compensation will we be in a position to
devise the appropriate protective devices or tech-
niques necessary to each new space operation.
Studies are in process to devise the most effective
approach to the maintenance of musculoskeletal
tone, including consideration of friction devices,
electrical motor point stimulation, exercise
Intermittent
venous occlusion with extremity tourniquets dur-
ing water immersion has been demonstrated as
effective in maintaining cardiovascular reflex
adaptability as measured by tilt table testing,
presumably by simulating hydrostatic pressure
effects and thereby “triggering” compensatory
cardiovascular reflexes.?® This is analogous to
the use of the oscillating bed during prolonged
recumbency to accomplish the same effect.?®
Other techniques including the use of pharma-
cologic agents must be thoroughly explored.
Concerning body fluids, ADH is known to in-
hibit the diuresis of recumbency’® and of im-
mersion (Table I). The use of ADH to maintain
blood volume in recumbency and immersion and
to improve subsequent cardiovascular perform-
ance is under investigation in this laboratory.
In any event, the first astronauts making pro-
longed space flights must certainly take careful
note of their state of hydration and correct fluid
deficits, if they exist, prior to re-entry.

couches and joint resistive suits.

OBSERVATIONS FROM SPACE FLIGHT DATA

A limited amount of information pertinent to
the area of body fluid physiology is .currently
available from our two manned orbital space
flights. This data is not accurately defined and
must be interpreted with caution, yet certain
trends were apparent, particularly from the sec-
ond manned orbital flight. This astronaut experi-
enced a substantial decrease in body weight
during this mission. Regardless of fluid intake
during this time, it is evident from the weight
change that fluid output exceeded intake by a
considerable amount and, by definition, a con-

AEROSPACE MEDICINE
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dition of relative dehydration resulted. Several
known factors contributed to this response pri-
mary among which was a recurrent suit inlet
temperature problem with overheating and
sweating but the physiologically intriguing ob-
servation is that during this flight a large amount
of very dilute urine was excreted.* This in-
appropriate urinary response is compatible with
significant and protracted ADH suppression. A
similar trend seems to be evident from the first
manned orbital flight but is much less striking.3

Although it does appear that the urinary re-
sponse and implied ADH suppression were in-
appropriate under the existing conditions, further
definition of this phenomenon will require con-
siderably more detailed physiologic studies dur-
ing future orbital flights.

SUMMARY

In a weightless environment hydrostatic pres-
sure effects are eliminated. In the situation of
recumbency in which hydrostatic pressure influ-
ences are minimized by the horizontal position,
significant redistribution of body fluids occurs.
In recumbency blood volume initially increases
and is redistributed cephalad with increased
intrathoracic filling. Atrial volume receptors are
presumably stimulated reflexly inhibiting the re-
lease of ADH, causing a water diuresis. Renal
blood flow is augmented and glomerular filtra-
tion is increased. The urine excreted in this
circumstance is characterized by decreased os-
molarity and by decreased concentration but
increased output of sodium, potassium and urea.
This response appears to be directly related to
hydrostatic pressure influences and suggests the
possibility that in a weighless state significant
redistribution of body fluids can be expected
with a compensatory diuretic response having the
above characteristics.
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