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Foreword

As part of a continuing process man constantly seeks new habitats. In the
late 1950’s, he ventured into a vast and challenging new habitat, extraterres-
trial space.

Extending the realm of human life has always been a challenge to man,
and inherent to all successful extensions of man into new domains is his ability
to provide the essentials for life itself, his nutrition and controlled use of
metabolic products. The provision of these essential requirements has always
been a challenge and a motivating force in maintaining and extending human
life on Earth. This challenge has now been extended beyond the Earth. As
illustrated in this volume, many men and women of vision who continually
devote their energies to feeding man on Earth have accepted the additional
challenge of nutrition in space. They have already made inroads into the new
problem of nutrition and waste handling in space and have already collected
much physiological, psychological, toxicological, and pathological data related
to space nutrition, feeding and elimination. They have elucidated man-
machine interactions and the effects of these interactions on alimentation and
elimination requirements in space. Thus light has been shed on specific research
and development programs needed to establish requirements for nutrition and
handling of metabolic wastes during manned space missions of 20 days’ to 3
years’ duration. These initial accomplishments have entailed the considerable
efforts of many people and the knowledge and experience in nutrition and feed-
ing gained by the Space Science Board of the National Academy of Sciences.

This voluine clearly represents the ability of scientists, engineers, and
administrators to attack a problem as it arises; it clearly demonstrates the
capability of the scientific and engineering communities to combine efforts,
mobilize quickly, and devote their talents to a national need.

MicHaEL G. DeL Duca

Chief, Biotechnology Branch

Office of Adwanced Research and Technology
NASA

ii



Page intentionally left blank



Contents

Chairman’s Introductory Remarks. . ...t 1

C. O. CHICHESTER

Ravymono L. BiSPLINGHOFF

SESSION 1

NATIONAL PROSPECTUS ©N SPACE NUTRITION
AND RELATED WASTE PROBLEMS

~ Chairman: Eugene B. Konecci

Nutrition-Waste Complex—A Pressing Problem in Manned Space
Exploration. ... ... ... ... ... .
MicrAEL G. DEL Duca
Nutrition and Related Studies in the Office of Advanced Research and
Technology, NASA . . . ... .. . 13 -

Frank B. Voris

Nutritional Trends in Future Manned Space Flights. . . ................. 17

S. P. VINOGRAD

Nutrition and Related Studies in the Office of Space Science and
Applications, NASA . . ... ... .. . 23 -

DaALE W. JENKINS

Overview of United States Army Medical Service Research in Nutrition. . . 29
JacQuEs L. SHERMAN, Jr.
U.S. Air Force Program on Aerospace Nutrition Research................ 33

JosEpn M. QuasaNoOCK

Manned Space Flight in the Context of National Goals. . ................ 41

CHARLES S. SgELDON 11



VI CONTENTS

SESSION II

REQUIREMENTS IN AREA OF
NUTRITION AND WASTE MANAGEMENT

) Chairman: Rufus R. Hessberg
PAGE
Preparation, Handling, and Storage of Foods for Present Space Projects. . . 57 .
Epwarp L. MicrEL
Discussion. . ... ... 65
HerBerT A. HOLLENDER
Nutrition and Stresses of Short Term Space Flight. ................. .. .. 71 -
Pavr A. LacHANCE
’ Discussion. . . ... 79
NEVIN ScRIMSHAW
Handling and Storage of Food for Long Flights. . . M"“‘"/ﬂ‘ L 85

NorMaN G. RotH and Jomn J. Symons __ —

lef}ussion ,,,,,,,,,,,, b, 93
M.A Nmen Porre %

Waste Management tor ClOSNEVIrOD.THntS .......................... 97
CHARLES OTT "

DI ESCUSBBION . .« « o e et ettt e e e e e e 103
CLARENCE G. GOLUEKE

SESSION II1I
NUTRITION ASPECTS OF LONG FLIGHTS
Chairman: Nevin Scrimshaw

Caloric Requirements of Long Flights. .. .............................. 11,/
C. Frank CONSOLAZIO

DESCUBBION . « . v e ot et et et e e e e e e 131
TrEODORE B. VAN ITALLIE /4

Proteins in Space Nutrition. . ................. ... .o .o 1357
D. M. HEGSTED

DBCUBBION . « . o e et e et et et e e e 143
ALFRED E. HARPER ’

Mineral and Vitamin Requirements of Long Flights. . ................... 1477
R. W. ENGEL

DaBCUBBION . .« o ottt it et e 155
WirLiam N. PEARSON

Human Nutritional Requirements for Water in Long Space Flights.... .. .. 159 .
RoBerT E. JorNSON

DaIBCUSBION . . . . .ottt e e 171
RosERT VAN REEN

Water Generation in Space. .. .............oiiiiieniii i 175 -
Epwarp TELLER




CONTENTS

SESSION IV

PHYSIOLOGY AND PSYCHOLOGY OF
NUTRITIONAL PROCESSES

Chairman: William Darby

Dietary Regimes in Space Cabin Simulator Studies......................
B. E. WELCcH

DISCUBBION. . . . ot e
LEroY VoRris

The Appetite Factor. . ............. ... . . .
SAMUEL LEPKOVSKY

DiSCUSBION. . . oot
JEAN MAYER

Gastric and Bowel Motility: Effectof Diet. ...........................

FRANZ J. INGELFINGER

Imtestinal Flora... ... ... .. i
W. H. Ewine

DisCUSBION . . . ..ot
T. D. Luckey

Effects of Prolonged Bed Rest. . ........................... ... ... ...

K. Ropanr, N. C. BIRKHEAD, B. IssekuTz, JR., J. J. BLizZARD, G. J. HaupT, R. N.

MyERs, P. A. LacHANCE, AND E. W. SPECKMANN

DHSCuSBION. . . ..o
RoBERT VAN REEN

SESSION V

WASTE MANAGEMENT
Chairman: Emil M. Mrak

Epwin L. MurenY
DEBCUBBION. . . . oo ottt e e
Doris Howgs CALLOWAY

Integration and Mechanics of Waste Collection and Processes. ...........
GEORGE L. DRAKE, Jr.
Liquid Wastes and Water Potability in Space Vehicles. . ................
J. E. McKEE
Discussion. .. ... ...
G. V. LEviN
SESSION VI

LONG-TERM FLIGHT NOURISHMENT SOURCES
Chairman: Allan H. Brown

Combined Photosynthetic Regenerative Systems........................
Jack E. MyERs

DHSCUBBION . . . o . oottt et e
RoBERT W. KRrAUSS



VIII

CONTENTS ‘

PAGE
Animal Food for Astronauts...............coiiirriiieiiiininnns 299
Max KLEIBER |
DABCUBBION . . . o vttt ittt e et 303 |
A. M. PEarsoN
Plant Systems as Long-Term Flight Nourishment Sources................ 305 /
SYRREL S. WiLks
DISCUSRION. . . . .ottt e 311
CHARLES R. GoLDMAN
Algae Systems. . ... ... ..ot e 317 /

MarioN E. McDoweLL and GILBERT A. LEVEILLE

Study of Effects of Carbohydrates on the Body Under Stress and Fatigue.. 323 / '

Donarp R. Youne

SESSION VII a
NOVEL NUTRIENT SOURCES . Gnd
Chairman: Gerald F. Combs

Chemical Synthesis of Proteinoids:

Part L. . 331.
SipNEY W. Fox, Kaoru HaraDA, GOTTFRIED KRAMPITZ, TADAO HAYARKAWA, AND
CHARLES RaY WiINDsOR /
Part IL. . e 339
GotrFrIED KRAMPITZ AND FRIEDEELM KNAPPEN
High Energy Nonfat Nutrient Sources.............................. ... 343 /
SANFORD A. MILLER : P
Useof Formula Diets. . . . ... ... .. i 353 ~
HERBERT P. SARETT
Multiple Uses for Foods. . ................ ... ... ... . i 363
D. L. Worr
Panel Discussion. .. .. ..ottt e 367
NEvIN S. ScriMmsEAW, ROBERT E. JoENSON, AND CHARLES S. DAvIDsoN
SESSION VIII
SPACE VEHICLE ENERGY MANAGEMENT
Chairman: A. Layton Ingelfinger
Protein, Energy, and Water Requirements of Man Under Simulated Space 2
v
S EBBEB. . . . ottt e 373
J. E. VANDERVEEN, K. J. SmitH, E. W. SPECKMANN, G. Ki11zEs, A. E. PRINCE, AND o
GEORGE HoMER /
/
Overall Energy Management as Related to Nutrition and Waste.......... 379 /
C. D. Kine
DBCUSBION . . . .o 383
W. L. Burriss

CONFERENCE CONCLUSION
Chairman’s Closing Remarks. . ......................... ... ... .. ..., 391

C. O. CHICHESTER

APPENDIX: Listof Participants. . ..................................... 393




Chairman’s
Introductory
Remarks

The support of man in any alien environment
for a long period depends on the solution of
multitudinous problems, both physical and psy-
chological. Certainly, to exist in any environ-
ment, man must be fed; and thus the science
of nutrition is involved in its very broadest
sense. In this field in particular it is recognized
that nutritional needs have psychological as-
pects as well as physical.

Any contemplated travel out of the Earth’s
atmosphere and gravitational fields presupposes
existence, at least during travel, in an extremely
confined space. Supplying the individual’s nu-
tritional wants is difficult even when confine-
ment is the only stress to which he is subjected.
The information available at this time is not
even adequate to define the problem. We do not
know the stresses to which the individual will
be subjected nutritionally when he is required
to live in an environment without gravity,
breathing an atmosphere somewhat different
from that in which he evolved. To compound
the difficulties which face us, engineering con-
siderations stringently limit the amount of food
which can be carried, and, further, problems of
storage and utilization limit the forms in which
food may be carried.

Thus, the total problem of supply is extreme-
ly difficult. Yet we must add to this the prob-
lems involved in the aisposal of man’s waste,
since this is intimately linked with the nutri-
tional supplies. The ultimate solution to these
interrelated problems depends on application

C. O. CHICHESTER

Professor, University of California, Davis
Chairman, Panel on Space Nutrition,
Space Science Board

of the research and observation of many
disciplines.

The Working Group on Nutrition of the
Space Science Board sponsored this conference
in order to review available knowledge which
would be pertinent to the nutritional support of
the human in space. The Nutrition Committee
and the individuals working in this area are
acutely conscious of the vacuum of scientific in-
formation necessary to develop the most desir-
able approach to the problem. It is hoped that
this conference will help in defining the more
urgent problems and thus establish the basis for
research in nutrition and waste management
which may be applied to space travel.

There is'no question that a great deal of re-
search is required, at both basic and applied
levels, before solutions will be found for many
of the problems that space travel poses. It is
apparent that there are needs for additional
information in the nutritional area before the
problems under discussion can be successfully
solved. Since the practical problems and the
fundamental facts involved are extremely di-
verse in nature, this conference was planned
to include representation from many disciplines,
each of which can contribute to the ultimate so-
lution of supporting a human in space.

The results should point out research needs
on nutrition and waste management in space.
From this Conference it is hoped that a rational
and integrated plan of attack can be formulated
that will lead to providing the answers when
they are required.
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Conference
Introduction

Raymonp L. BISPLINGHOFF
Associate Administrator

Office of Advanced Research

and Technology, NASA

The importance of the subject of this Confer-
ence to the Nation’s manned space flight pro-
gram is evident. We may develop boosters and
guidance and control systems and reentry sys-
tems of exceptional efficiency, but unless we can
at the same time sustain life in space we cannot
have a manned space flight program.

There are many elements of NASA’s research
and technology program carried out under the
Office of Advanced Research and Technology
which are directed toward the exploration of
space by man after Apollo: for example, our ex-
tensive work on the advanced technology of nu-
clear rockets and nuclear electric energy con-
version, on advanced communications, on reen-
try at superorbital speeds. All of this work in
these fast-moving fields, however elaborate, can
be of no greater importance than the work on
space nutrition and related waste problems.

It makes very little sense to set the pace of
machine development and that of life support
at different rates. I urge those in the life sci-
ences to consider this matter carefully, to com-
pare their progress with that of other parts of
our program. In studying the titles of papers
to be discussed at this Conference, I could not
help but reflect on two thoughts.

The first relates to the word “interdiscipli-
nary.” I am impressed at the extent to which
this subject exemplifies the full meaning of this
word. It is truly a meeting ground of the life
and physical scientists.

The second thought stems from the first : that
on both sides, when we strip away the unessen-

tials, we are really dealing with the conversion
and the control of energy. There is muscle, with
its tiny fibers, on one hand, and chemical fuel
energy converters on the other. There are the
electrical activities of the brain and nerve im-
pulses on the one hand, and the computer and
feedback loop on the other.

I think the state of man’s technology in every
age is dependent on his ability to convert and
control energy. The Industrial Revolution, for
example, brought on an economic structure that
could not be operated without knowledge of the
equivalence of different forms of energy. It was
necessary to put comparative figures of merit
on water power, steam power, manpower and
animal power; and this was accomplished by
the development of the science of thermodynam-
ies, which furnished a common denominator for
all forms of energy conversion devices. Thus,
the thermodynamics of Carnot formed the cor-
nerstone for the Industrial Revolution. If we
look back at the earliest days of our country,
we find that human labor furnished about a
quarter, and the labor of animals half, of the
energy that was required for life. In 1900, each
man, woman, and child in the United States had
about 2 horsepower working for him day and
night. At the present time, I believe, this figure
stands at more than ten. Thus, with less than
10 percent of the world’s population, we control
almost half of the supply of power in the world,
and, as a result, our standard of living is seven
times the average of the rest of the world. By a
very rough calculation, I think if we had lived

3



4 NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

in the Periclean age of ancient Greece, we should
need the exhausting labors of about 10 billion
slaves to provide equivalent benefits.

Now the opportunities that are presented for
our advancement in energy conversion and con-
trol are breathtaking. New methods of energy
conversion from solar, chemical, and nuclear
energy sources, which will be useful to all man-
kind, are being pioneered in the space program.

Of late is the direct conversion of energy in
the sun’s rays to electricity by the solar cell,
or by collectors with turbogenerator or direct
thermionic energy converters. Incidentally, we
find that the employment of a Brayton cycle,
with inert gases as the working fluids, shows
very great promise in our turbogenerator solar
system studies. Then there is the rapid de-
velopment of electrochemical devices, such as
fuel cells, which are strongly related to life
support, because of their byproduct, water.

Perhaps the most dramatic energy conver-
sion devices in the space program are the pro-
pulsion devices, which convert chemical or nu-
clear energy to kinetic energy. The figure of
merit usually used to measure the efficiency of
these devices—a sort of measure of rocket me-
tabolism—is the specific impulse. The rocket
engines that we have used to date in the space
program with conventional Lox-rp fuels have
had specific impulses of less than 400 pounds
of thrust per second of fuel. We feel that we
can raise this specific impulse for chemical en-
ergy systems to about 480 seconds, with hydro-
gen and fluorine, but that is probably going to
be the limit. In order to go beyond this we're
going to have to turn to nuclear energy.

The Nerva rocket engine which converts nu-
clear energy to vehicle kinetic energy by pass-
ing liquid hydrogen through a graphite reactor
at about 6000° F and ejecting it through a noz-
zle exemplifies the direction that we are fol-
lowing.

Incidentally, next month we plan to test in
Nevada the most advanced form of the reactor
for this device. In terms of the figure of merit
previously mentioned we can expect about 800
seconds specific impulse with this device, or an
improvement of nearly 70 percent over the best
chemical engines. When we can master the

problems of a gaseous core reactor, we can raise
this figure of merit to about 2000 seconds.
Electric thrusters—especially the ion thrust-
ers—have yielded specific impulses of greater
than 6000 seconds in the laboratory, and we
plan a flight test later this year from Cape Ken-
nedy of such a device.

Then there are the Rankine cycle liquid-
metal turbogenerator systems for the generation
of electrical power. In a NASA-AEC pro-
gram, we hope to refine the SNAP-8, a 35-
kilowatt device, to the place where it will weigh
about 10 pounds per kilowatt and will be able
to operate reliably for 10 000 hours without
maintenance. Whatever we do in space will re-
quire efficient electrical power generation, and
the use of nuclear energy is the key to this.

Even in reentry technology we are engaged in
the business of converting energy. Here we ex-
change kinetic energy for heat energy, and the
trick is to dump as much of the heat energy as
possible into the luminescent gases surrounding
the vehicle, and as little as possible into the ve-
hicle itself. We are making steady progress in
understanding the physics of entry at super-
orbital speeds, and entry into gases other than
air.

Only recently, scientists from the Langley
Research Center, working from Cape Kennedy,
drove a blunt reentry body into the earth’s at-
mosphere near Ascension Island from a 500-
mile apogee at a speed of 26 000 miles per hour.
This was man’s highest-speed reentry device.

Incidentally, it now appears that for reentry
at speeds considerably beyond orbital speeds,
we will be wanting to change our reentry bodies
from blunt to pointed noses, resembling some-
what the noses of supersonic airplanes.

Our nation has made, I think, very large
strides in the 6 years of existence of its space
program. One of the popular measures of this
progress is weight-lifting capacity. We have
moved in this 6-year period from the capability
to put very modest satellites, weighing just a
few pounds, into earth orbit, to the Saturn I
vehicle, which has lifted over 10 tons into the
same orbit. And our program is rapidly mov-
ing on to the Saturn V space booster and the
Apollo two-man space craft, which will provide
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us in this decade with the technology to permit
man to travel, explore, and use the space around
the earth outward to the moon. The Saturn V
booster will have the capacity to lift 120 tons
into earth orbit, and to hurl 45 tons into escape
trajectories.

If we can achieve strides like this during the
first decade or so, it is quite important and log-
ical to ask, “What next?” Those of us who are
scientists and engineers can only answer by out-
lining the options which technology will permit
as the next step.

What is, in fact, done next, must be decided
by an assessment of the scientific, social, eco-
nomic, and political impact of carrying out some
of these options.

I think, though, one thing is clear: where
there is a reasonable promise of success in the
development of new materials, propulsion de-
vices, life-supporting devices, control devices,
and so forth we must pursue these directions,
even though a specific use is not clearly in view.
I believe that world leadership will not be main-
tained in this fast-moving age, with anything
less than imaginative and sustained searching
for improved space devices.

The broad options for manned operation be-
yond Apollo are not difficult to visualize. Ex-
ploration and extended visits on the lunar sur-
face should be within our power after Apollo.

Large manned space stations, weighing many
tons, may be placed over fixed points on the
earth’s surface, serving as communications
switchboards and relays; and as our capacity to
develop power in space from nuclear energy
materializes, satellite television will allow us
to transmit directly to homes over large parts
of the globe without intermediate ground sta-
tions. .

Worldwide weather coverage by satellites is
certain to become eventually a permanent tool
in the art and science of weather prediction.

The refinement of nuclear rockets will pro-
vide man with the capacity of exploring the
far reaches of the solar system, with the planet
Mars as the probable next target of interest
after the moon.

And so, for the first time, I think we are be-
ginning to grasp firmly the key of space tech-
nology, by which we may eventually be able to
unlock the riddles of the solar system and life
on other planets.

Reaching into space in this way will certainly
constitute man’s greatest adventure, and noman
can foresee the dividends which will accrue
from this adventure. Whether man participates
in person or simply sends his machines is de-
pendent in very large measure on the life scien-
tist and his work.
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National Prospectus on Space Nutrition
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Chairman: Eugene B. Konecci
Director, Biotechnology and Human Research
Office of Advanced Research and Technology, NASA
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Totday we are not only at the beginnings of
our space exploration, but also at the beginnings
of our understanding of normal man, his body
systems, and his overall requirements.

Eramining the human challenges of man in
space and normal man on the ground requires
not only exotic experiments in the actual space
environment but also the application of man-
kind’s knowledge collected over 3000 years of
civilization. This knowledge has resulted in an
explosive technology period, and, as Dr. Bis-
plinghoff pointed out, energy conversion is the
key to man’s progress. Dr. Bisplinghoff dis-
cussed nuclear rockets and the potential of the
gaseous core reactor. There are others that he
did not mention in detail—such as some of the
electrical propulsion units that may go up to
specific impulse of 20000 seconds—which we

ope will give us a fabulous capability in really
learning more about the physical science aspects
of energy conversion.

However, in the area we call either human, or
biological metabolism are some of Earth’s great-
est secrels pertaining to energy conversion.
Fach person converts energy in o fantastically
efficient manner, at a temperature that is not of
the order of many, many thousands of degrees,
but rather is something like 986° F.

The fundamental processes of biological me-
tabolism and its high efficiency at low tempera-
tures are still mysteries to us. We do have some
fundamental information to serve as a basis for
the planning of advanced concepts and appro-
priate laboratory experimentation to promote
better understanding of not only human me-
tabolism, but, in fact, the total field of ecology.

Owr terrestrial ecological system in its bal-
ance state, consisting of almost the entire living
world as we know it, depends ultimately on. the
enerqgy of sunlight. With very few exceptions,
organisms can be divided into groups. The
green plants and o few bacteria wutilize the
energy of the sunlight directly through the
agency of chlorophyll mechanisms or a very
closely related system in the photosynthetic
process. Nearly all other organisms derive
their energy from the organic compounds syn-
thesized by plants. Man and the animals, with
the exception of a few flagellate protozoans, be-
long in this second group. There is a wealth
of knowledge in the general area of ecology or
photosynthesis that should be evaluated to aid
in planning and executing better research. We
in Government responsible for the management
of these programs have become acutely aware
of the high costs of research and development:
hence, we are emphasizing cost effectiveness for
research. This conference is a direct outgrowth
of not only the desire but the need for bringing

together into a forum such as this oll elements
that can make a significant contribution to a
specific subject by a free exchange of ideas and
also by a review of our past knowledge.

There is a close relationship among three
functions of the body—total metabolism, the
total amount of respiration, and the circulation
of blood. When the body begins to exert itself,
when a muscle contracts, it obtains energy by
burning food. Food has become an enigma that
is truly a riddle of our time; it has become a
subject of great public interest. We are con-
stantly being barraged by what to eat and what
not to eat, as, for example, animal fat because
of its association with arteriosclerosis. The
term. arteriosclerosis, as generally employed,
embraces all changes in an artery (not caused
by inflammation, as from infection) that affect
the smoothness, thickness, uniformity, and elas-
ticity of the tissue of the artery.

In relation to the subject of arteriosclerosis,
an incident which happened in the early 1930’s
is of interest. The well-preserved mummies of
a young pharaoh and his bride, both under the
age of 30, were examined by a pathologist. The
pathologist managed to obtain some beautifully
preserved samples of the aorta and other ar-
teries of both specimens, and found that, even
though these people were herbivorous and had
never eaten animal fat, both had had arterio-
sclerosis. I think this illustrates that we need
to apply more of our “across the board” or in-
terdisciplinary knowledge instead of trying to
find one cause for a complex condition.

Those of us who are entrusted with justifying
Government research to the Congress of the
United States have a definite responsibility to
know research requirements and prospective re-
sults in order to explain to Congress and the
general public what those requirements are.
From a few million dollars just a short time ago,
the annual Federal budget for research and de-
velopment has grown to about $16 billion today.

Most people from an engineering standpoint
will draw a curve that continues to rise steeply,
but this cannot continuwe. The Congress has
taken avery dim view of such continuation. So
we mast utelize the existing dollars and our man-
power capabilities to get optimum returns from
this research. This is why I think this kind of
conference will show the general public and
Congress that we are bringing together biolo-
gists from the laboratory level to the engineer-
ing development man so that they will be aware
of each other’s interests and problems. There is
such a thing as cost effectiveness for research,
even though none of us could justify the re-
search to be done today and profited from, say,
10 years from now.

Evcene B. KonEecor




Nutrition-Waste Complex—
A Pressing Problem in
Manned Space Exploration

Space nutrition and waste handling have in
the past been treated in the same context—how-
ever, as separate problems. In early manned
space flight, much attention was given to space
feeding and nutrition, but the problem of waste
handling was eliminated by eliminating elimi-
nation. With the advent of mission require-
ments up to 3 years and beyond, it becomes
evident that nutrition and waste subsystems
requirements will contribute appreciable weight
and volume requirements to the total manned
vehicle complex. At the present state of the art,
for example, with mission times of 1 year, the
weight requirement for nutrition and waste
handling is equal to one-half the total required
for meeting all of man’s life support needs,
including his thermal control. As we look be-
yond to 8- and 10-year missions, variables as
aging and adaptation are introduced which
further contribute to the penalties associated
with nutrition and waste. It may be argued
that boost capability may eliminate the neces-
sity for sophisticated weight-savings ap-
proaches to meeting man’s requirements. For
long-duration multimanned missions, weights
for waste and food are extremely large and will
remain a pacing item in maintaining man in
space for unlimited time. For example, a 10-
man year mission utilizing conventional storage
methods for providing nutrition, breathing
zases, and storing all wastes could require on
the order of 70000 to 90 000 pounds, and vol-
umes of approximately 1800 cubic feet. If we
consider a 50-man year mission, which is not

762-318 O—65——2

MicnaeL G. DEL Duca
Chief, Biotechnology Branch
Office of Advanced Research
and Technology, NASA
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N65-18567
great, on the order of 300000 to 350000
pounds would be required for nutrition and
waste, and volumes on the order of 9000 cubic
feet.

Thus, any long-lived manned space system
may well have to rely on the use of waste along
with a high-energy-density energy source for
the synthesis of required nutrients.

In addition, a 10-man year mission requires
rejection of approximately 1X107 kcal of heat
at relatively low temperatures. Reduced con-
vection under reduced gravity conditions and
the absence of an easily utilizable heat sink in
space also contribute to the expenditure of more
energy for the task of rejecting human thermal
energy. The point here is that the problem of
nutrition and waste in space is not solved. As
a matter of fact, it is not even defined.

Of great importance to the definition and
solution of this problem is the approach that
we take during the planning phases. In the
course of planning, space waste and nutrition
should be treated as a complex which interfaces
with all the other vehicle subsystems. The com-
plexity of waste in low-leakage-rate long-
duration sealed cabins for both space and under-
sea operations further suggests this approach.

A simple illustration is shown in figure 1.
We may consider man as a chemical thermody-
namic system which converts usable chemical
energy in the form of usable nutrients to useful
work. In this process, energy is degraded and
results in the generation of chemical and ther-
mal waste. In the closed sealed cabin the nu-

9



10 NUTRITION IN SPACE AND RELATED WASTE PROBLEMS
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Ficure 1.—Nutrient-waste complex.

trients must include oxygen for metabolism,
foods, and water; the foods consist of fats, car-
bohydrates, proteins, and essential vitamins and
minerals, and so forth.

The chemical wastes include the products of
metabolism: gaseous products, such as carbon
dioxide, and solids that consist of many forms
of molecules from the very complex nonionic
type, such as cellulose, to the inorganic ionic
atoms, such as calcium and sodium. In addi-
tion, chemical wastes include water in different
physical states, in the vapor state and the liquid
state.

The thermal wastes associated with man are
also in various states, and we have to consider
these wastes in the latent and sensible form.

When we consider all these factors, we must
also consider the fact that there are many ways
to provide nutrition and control the waste in
the manned space environment. The problem
is in the selection of the right method, and this
method must result in optimum systems weight,
volume, power requirements, human efficiency,
and utility at a specific time in a specific mis-
sion phase. All of these have to be considered
in the selection of the right weight.

We might consider many approaches to the
problem of nutrition and waste, but three rep-
resentative approaches which suggest them-
selves include:

(1) Storage of all the required foods, water,
and breathing gases and collection and storage
of wastes.

(2) Storage of conventional nutrients and
the use of thermal waste for either generation

of power by appropriate thermoelectric con-
verters or as a heat source for the conversion
of chemical waste to more easily handled
materials.

(8) The use of synthetic or natural nutrients
which are generated from waste materials in a
closed cycle. Chemical wastes may be used as
raw material for generating simple inorganic
molecules which can be processed to form com-
plex nutrients. Thermal waste can be used as
energy sources for these and numerous other
life support processes. An alternate approach
is the use of chemical wastes as fuels for the
bioelectrochemical generation of electrical en-
ergy or for the generation of thermal energy,
which, if utilized, may result in systems weight
savings and thus permit the provision of con-
ventional foods and other nutrients.

Each of these approaches must be specific to
the task. Future studies will show that an en-
tire spectrum of methods will be required for a
particular long-duration mission. For example,
in the establishment of a lunar or Mars colony,
many functions must be considered requiring
several methods for provision of nutrients in a
controlled manner. Such a colony would con-
ceptionally include a fixed permanent shelter,
mobile emergency shelters, one-man operating
protective systems for exploration phases and
vehicles.

Each of these facilities must be considered in
the total system, and also in the waste-nutrition
complex. We have to remember, however, that
the specific approach to meeting each of the
requirements must be consistent with the fact
that the total colony is still a vehicle payload,
and the critiéal logistic factors must be consid-
ered in any methodology that we develop for the
selection of a particular waste-nutrition system
to meet the requirements.

For example, a partial loss of nutrients in
long-duration manned missions would result in
critical logistic problems, and we must give at-
tention to such factors as the direct contami-
nation of the nutrients by waste, or the indirect
contamination of the nutrients by the genera-
tion of toxins which result from improper
choice of nutrition for a specific mission profile.
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Thus, critical factors in the selection of a par-
ticular waste-nutrition complex include the fol-
lowing:

(1) The toxicity of the materials used in the
spacecraft structures, the containers, and the
waste processing equipment.

(2) Considerations of the possible genera-
tion of toxins as a result of interactions between
spacecraft materials at various temperatures and
pressures with the normal atmospheric com-
ponents, such as oxygen and nitrogen.

(3) Interactions must be considered between
metabolic products, such as water vapor, car-
bon dioxide, and hydrogen sulfide, with chemi-
cal atmosphere purification equipment used in
atmospheric conditioning or regeneration.

(4) Consideration of possible modes of or-
igin of toxic materials from normally nontoxic
reactants under stressful environmental condi-
tions.

(5) Origin of toxic contaminants that may
be generated in the interaction of the products
of food reconstitution, waste conversion, and
reclamation systems, including all types—physi-
cal, chemical, and biological. These systems
include the water reclamation system, waste re-
actors, and gaseous conversion systems, includ-

ing those for the generation of breathing
oxygen.

In summary, it may be understated that much
work remains to be done before extraterrestrial
space becomes a new habitat for man.

Several areas require some immediate atten-
tion:

(1) Study of nutritional and waste handling
methods for controlling the origin of toxic con-
taminants.

(2) Continued research and development of
components and subsystems which can be used
for the containment and conversion of wastes
to nontoxic materials as usable constitutents in
nutrition cycles.

(3) Establishment of standards for allow-
able concentrations of synthetic nutrients in
varied gaseous and thermal atmospheres over
extended periods of time.

(4) Study of instrumentation methods for
the detection and analysis of toxic precursors
or usable chemical precursors in various physi-
cal states.

(5) Study of advanced concepts in metabo-
lism which may permit the nutrition and rejec-
tion of waste in a manner consistent with man’s
new environment, space.
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Nutrition and Related Studies in
the Office of Advanced Research
and Technology, NASA

One of the missions of the Biotechnology and
Human Research Division of NASA’s Office of
Advanced Research and Technology (OART)
is the development of psychophysiological facts
relative to man’s response to environments, par-
ticularly to the stressful environment of space.
A number of research tasks are being under-
taken by NASA to study the effects on meta-
bolic and physiologic functions resulting from
various stresses which will be encountered in
manned space flights. These studies are con-
cerned with the atmospheric, nutritional, and
metabolic requirements of the astronauts. In
order to be aware of metabolic changes in the
body, it is important to establish normal ter-
restrial baselines.

One important area of concern is that of
water metabolism. At present, we have a study
underway at Stanford Research Institute en-
titled “Gastrointestinal Tract and Water Me-
tabolism,” whose chief investigator is Dr. Callo-
way. The objective of this task is to develop
and understand certain characteristics and
functions of the intestinal tract with regard to
water metabolism and overall body metabolism.
The effect of diet and physical activity on water
metabolism is being investigated. Information
will be developed concerning intestinal epithe-
lial desquamation, motility, and secretory func-
tion relative to diet, isolation and confinement,
altered atmospheres, and body irradiation.
Earlier studies have shown that exercise or diet
can cause body dehydration despite a copious
intake of water. Relatively slight dehydration

Frank B. Voris

Chief, Human Research Branch
Office of Advanced Research
and Technology, NASA

N65-18568
can lead to rapid fatigue, loss of performance,
and eventually death. It is therefore most im-
portant to understand the mechanisms by which
water is absorbed and maintained in the body.

A task complementing this study is being
conducted at Ames Research Center. The ob-
jective of this task, entitled “Human Water
Metabolism in the Space Environment,” is to
investigate the effects of space environmental
stresses such as heat, physical exercise, and at-
mospheric content on the water metabolism of
the human with emphasis on the mechanisms
of voluntary dehydration. This task will an-
swer two questions: (1) Is some degree of de-
hydration beneficial to men performing under
stress? (2) How long does it take a man to
recover lost water and what physiological
changes are involved ?

Proceeding logically from our efforts in
water metabolism, we must study the metabo-
lism of the basic materials for maintaining life,
namely carbohydrates, proteins, and fats. We
have underway at Ames a task entitled “Me-
tabolism, Temperature Regulation, Diet, and
Performance of Man in Relationship to His
Environment.” This study will develop in-
formation pertinent to the understanding of
carbohydrate, protein, and fat metabolism rela-
tive to stress tolerance in man and also infor-
mation concerning dietary factors necessary to
maintain optimum performance. One primary
objective will be to determine if man can con-
vert body fat into easily utilizable carbohydrate
and therefore obtain optimum utilization of the

13
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body energy reserves. Procedures such as the
feeding of special diets, food deprivation, and
the use of certain drugs will be studied for their
influence on metabolism and human tolerance
under unusual stress conditions.

Many foods are being recommended for space
diets on the basis of the principles of nutri-
tion relative to life on earth. However, we do
not know whether these recommendations are
valid for the conditions of space environments.
Factual data probably will not be obtained until
actual experiments in space have been con-
ducted. However, on the basis of carefully
controlled metabolic experiments under selected
simulated space flight conditions, it should be
possible to make recommendations concerning
space-flight diets with a high degree of confi-
dence. In order to obtain this information,
OART originally contracted and then trans-
ferred to the Manned Spacecraft Center a task
with the Aerospace Medical Research Labora-
tories (AMRL), Wright-Patterson Air Force
Base, for the “study of caloric, protein, and
water requirements of young men subjected to
simulated space stresses and the evaluation of
foods planned for long term space flight.” The
objective of this task is initially to establish in-
dividual baselines and then utilize newly de-
veloped full pressure suits to (1) study the
nutrient requirements of man subjected to sim-
ulated space stresses, (2) to make a nutritional
evaluation of foods to be used in space missions,
(3) to study the interrelationships of the intes-
tinal microflora and diet.

The experiments to determine the optimum
requirement for energy, protein, and water for
young healthy males exposed to various stresses
are being carried out on 16 subjects per year.
Four to eight subjects are utilized at a time in
the AMRL Space Vehicle Environment Simu-
lator with and without space suits. Various
types of diets are being utilized. Blood, feces,
and urine are collected and analyzed. By this
study, new and revolutionary space suit sys-
tems will be evaluated.

The subjects undergo a stabilization period of
1 week during which baseline data are recorded.
This is followed immediately by a 3-week bal-
ance study. Careful control of activity is main-

tained on each subject. Following the balance
studies, various stresses are imposed. Each sub-
ject is exposed to the various and combined
stresses while wearing a pressure suit at various
atmospheric states at pressures from sea level to
5 pounds per square inch. Other factors such
as 200° F for several minutes are imposed to pro-
mote psychophysiological stresses at various
intervals.

Individual balance studies are accomplished
on each subject to determine optimum energy
requirements. Studies are conducted on water,
calcium, and sodium balance to determine op-
timum maintenance levels for the subjects.
Ideal protein requirements are calculated on an
individual basis. Baseline information is ob-
tained concerning metabolic utilization of diets
composed of common foods that have been pre-
pared from predetermined levels of protein and
caloric density needs of the individual subject.
Urine catecholamine levels are used as an index
of stress at suitable intervals. Blood lipid levels
are measured twice weekly during each experi-
mental period. The usual physiological meas-
urements are recorded.

Although this project has been underway for
some time, evaluation of the data has not yet
been made.

As these studies indicate, we are conducting a
reasonably intense research program in the
various facets of metabolism related to water,
protein, fats, and carbohydrates. In addition
to these substances, we must know to what ex-
tent mineral and vitamin metabolism is affected
by various types of stress. Jointly with the U.S.
Air Force we support a study into the “effects
of environment on absorption and metabolism
of minerals” at the Johns Hopkins University
under the direction of Dr. Bacon Chow.

The object of this study is to determine the
effects of isolation, illumination, confinement,
temperature, altered atmospheric pressures and
gaseous percentages, noise, and other stresses on
the cellular metabolic processes relative to Fe®,
Zn®, and Mg absorption and metabolism.
Preliminary studies will utilize rats as the ex-
perimental animals with primates being used
later.
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Iron was chosen because of its role in hema-
topoiesis, and magnesium and zinc for their
roles in certain phosphorylation enzymes. Met-
abolic zinc deficiency has been reported to be
responsible for certain types of dwarfism. This
study apparently confirms this fact by showing
that zinc deficiency also results in retardation
of growth in rats.

Balance of the intestinal flora population in-
fluences the nutrition, health, and well being of
humans. Many dietary and environmental con-
ditions encountered by the host upset this bal-
ance in the microbiological flora of the intes-
tines and have an effect on the health, nutrition,
and performance capabilities of man. This fact
is of vital concern in space flight.

In order to evaluate the effect of space condi-
tions on the intestinal flora, it is necessary to
know the character of the balance of intestinal
flora of man in a normal environment. To date
this information has been meager, especially in
respect to the predominating anaerobic flora.
We have underway a “study of the normal fecal
bacterial flora in man.” This study is being
conducted by Republic Aviation Corporation
under the direction of Dr. Lorraine Gall. For
the first time a rather complete assay of intes-
tinal microbiology will be available. Microbio-
logical studies will be extended to space vehicle

environments and to cross-contamination of
crew members,

In addition to the studies previously men-
tioned having direct relation to metabolism and
nutrition, we have “studies to determine the
optimum space cabin environments” being con-
ducted by the U.S. Air Force at the School of
Aerospace Medicine, Brooks Air Force Base,
Texas. This task will look into the effect of me-
tabolism of 100 percent oxygen and of varying
percentages of oxygen mixed with the so-called
inert gases.

Other studies of a similar nature entitled
“Atmospheric Conditions” and “The Toxicity
Criteria for Gas Environments in Closed Eco-
logical Systems” are being conducted at Ames
Research Center. Details of these and the other
studies noted in this presentation will be dis-
cussed in detail in subsequent papers.

From the foregoing, it can be seen that NASA
is concerned about the fundamental metabolism
and nutrition of man under the stress condi-
tions of space flight. We have made a start, but
we need aid and guidance in this tremendously
important field. In order to fashion and exe-
cute a well-balanced research program, we look
to those engaged in research in nutrition and
related fields for additional information and
professional advice.
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- Nutritional Trends in

Future Manned Space Flights

Herbert Pollack

? Nutritional trends in manned space flights

might best be discussed in terms of the recom-
mendations relevant to food, water, and waste of
the Space Medicine Advisory Group (SPA-
MAG) in their conceptual study of an orbiting
research laboratory (ORL).

The SPAMAG is a working group of 19 con-
sultants in medical and paramedical fields, each
of whom is an outstanding contributor in his
own speciality area. The Group was organized
by the NASA Space Medicine Division, Office
of Manned Space Flight, for the purpose of
studying requirements for the ORL in order to
lend support to other in-house and contractual
ORL studies.

By way of providing a proper framework for
this report, it would probably be worthwhile to
spend a few minutes discussing the general
method of approach employed by SPAMAG in
this study.

Members of the Group are listed as follows:

John A. Buessler

Loren D. Carlson

Robert E. Forster

Edgar S. Gordon

Douglas Grahn

Ashton Graybiel

Milford D. Harris, Jr.

Andres I. Karstens

Edward C. Knoblock

Joseph F. Kubis

Edward A. Liske

Ross A. McFarland

Samuel Natelson

Ralph Reitan

Scott H. Swisher

John C. Townsend

Sherman P. Vinograd

James V. Warren

G. Donald Whedon

Earl A. Wood
DOD/NASA coordination is effected by the
attendance of Lt. Col. Milford D. Harris, Jr.,
and Dr. Edward A. Liske as DOD observers,
and Col. Andres I. Karstens who is serving in
the capacity of cochairman. Two-day meetings
have been held at monthly intervals since the
first meeting of the group in January 1964.
Present estimates are that six or eight such
meetings will be required to complete the study,
after which the Group will meet three or four
times a year in order to update its findings in
the light of newer knowledge and further con-
templation of the total problem.

The first morning of each 2-day session is
devoted to briefings, chiefly by NASA person-
nel. These are designed to familiarize the
Group with the unique constraints, problems,
and developments of manned space flight. This
is considered to be a highly important step to-
ward significantly enhancing the value and ap-
plicability of recommendations made by the
Group.

Prior to the first meeting, a 12-page format
or working procedure was devised. This was
adopted by the Group at the time of the first
meeting. In general, the study falls into three
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categories or phases: The first is the establish-
ment of recommendations concerning the con-
stant environment, or life support factors which
are to be supplied the flight crew. The second
is a definition of the medical experiments and
measurements to be done aboard the ORL.
Most of these are centered about environmental
factors, or stresses, which are experimental un-
knowns; almost all of them concern weightless-
ness and combined stresses. The third phase is
devoted to recommendations for actual vehicular
and operational requirements in terms of the
medical support of the crew, and the desired
medical experiments and measurements. In ef-
fect, this phase is the translation of the first two
phases into operational and engineering terms.

It is anticipated that the end products of the
entire study will be:

(1) Group of ORL medical experiments in
format

(2) Group of additional ORL medical meas-
urements in format

(3) Group of life support recommendations
in format

(4) Group of prerequisite ground based ex-
periments

(5) Group of prerequisite spaceflight experi-
ments

(6) Group of recommendations for research
and development

(7) General philosphy and recommendations
for ORL experimental approach

(8) Recommendations for general ORL deci-
sions

(9) Tentative flight plan

(10) Reviews of work of four study contracts
and ORL BEWG

(11) Summary of possible uses of space en-
vironment for study and therapy of pathologi-
cal states

(12) Recommendations for future study
effort
It can be seen from the scope of these products
that their review and implementation will be
the work of all NASA life sciences groups, since
they cover the full range from prerequisite
basic research to manned space flight support
engineering and operations.

With regard to the present status of this ac-
tivity, the first phase has been completed, and
work on phase 2 is now in progress. Phase 1,
life supporting environment to be supplied the
crew, may be broken down into its major com-
ponent categories for study as follows:

(1) Atmosphere (7) Group

(2) Suits integrity

(3) Food (8) Hazard protec-
(4) Water tion

(5) Waste (9) Safety moni-
(6) Living condi- toring

tions and stand-
ards

The Group addressed itself to these areas by
dividing into five subpanels, each assigned to
specific categories. The metabolism, or food,
water, and ‘waste, subpanel, whose work will be
discussed, consists of Dr. Edgar S. Gordon, Lt.
Col. Edward C. Knoblock, Dr. Herbert Pollack,
and Dr. G. Donald Whedon. As is true of all
the subpanel reports at this stage, their report
is a preliminary one based upon an initial, al-
though painstaking, exploration of the prob-
lem. These recommendations will probably be
augmented and perhaps even altered through-
out the course of the three-phased study, but
some of the initial recommendations of the sub-
panel as approved by the full group are as fol-
lows.

Dietary recommendations are that the diet
be kept as simple as ppossible with emphasis on
the maximum use of natural foods which will
provide balanced nutritional components. The
form of the diet preferred by the subpanel is
either a liquid formula, or one which can be
readily reconstituted to a semiliquid or liquid
form,

In attempting to set up particular caloric
requirements, one of the first things the Group
had to decide was a reasonable schedule of ac-
tivity. The following schedule was suggested :
8 hours for sleep, 2 hours for eating, 2 hours for
exercise, 4 hours for rest and relaxation, and 8
hours for work.

The caloric requirements which the group
considered reasonable for a 150-pound man in
a shirt-sleeve environment are:
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Activity cal/hr Btufhr
Sleep.o-o .. 70 280
Eating_. . . _________ 1.5X Basal 420
Exercise_ . ______.____ 2.5 X Basal 700
Rest and relaxation__ 1.5X Basal 420

Work Program:
Flight control_______ 23X Basal 560
Reconnaissance_.___. 2-2.5 X Basal 560-700

Scientific observation. 1.5-2.5X Basal 420-700

2-4X Basal 560-1120

Suited environment (unpressurized): Add increase
factors in percent as follows:

Sleep_ oo o e +10
Eating_ _ ______ o al__ +50
Exereise_ .. eoo- +50
Rest and relaxation_ _______________________ +50
Work - e +50

For extravehicular work, a maximum of 2000
Btu per hour may be required. This is not tol-
erated for periodsin excess of 1 hour. A steady
state of activity is reached at approximately
500 calories or 2000 Btu per hour. Then oxygen
debt develops. This maximum requirement
should therefore be avoided except under emer-
gency conditions.

Further recommendations are that natural
foods of low fiber and low in laxative proper-
ties should be utilized and that no adjustment
of bacterial flora of the intestinal tract should
be attempted. A liquid or reconstituted diet
utilizing coded cubes which are preweighed
would facilitate the precision of recording food
intake for purposes of balance studies. In addi-
tion, an oral exercise medium such as a gum or
other suitable device is suggested for purposes
of oral hygiene.

As to the composition of the diet, the follow-
ing recommendations are made:

High quality protein, percent___________ 12.5
Carbohydrate, percent___________ 52.5 to 57.5
Fat, percent_______________________ 30 to 35

This ratio would be used to provide 2700 to
3200 calories per day with a respiratory quo-
tient of 0.8 to maintain a carbon dioxide to oxy-
gen ratio which would spare the carbon dioxide
scrubbing requirements of the environmental
control system.

Anticipated metabolic degradation relates to
muscle atrophy and bone changes which may
result in calcium loss. Special attention should
be paid to providing a balance of high-quality

protein and adequate calcium in the diet. The
ratio of polyunsaturated to saturated fat in
the diet will be dependent upon the conditions
of preservation of diet during the flight pro-
gram and the method chosen for reconstitution
of the diet for feeding in space.

Recommendations concerning mineral and
vitamin requirements are as follows:
Calcium—O0.8 gram per day.

Phosphate—1.2 to 1.5 grams per day.

Sodium as NaCl for individuals who are ac-
climatized to the environment—4.5 to 5 grams
per day.

Sodium for those not acclimatized, add 1 gram
as NaCl for each liter of water consumed per
day over 4 liters. This figure is tentative and
the suggestion is made that in view of the
possibility of adrenal stress, the potential use
of 10-15 grams of sodium chloride per day
be considered with corresponding reduction
of potassium to approximately one gram per
day, which might serve as a protective device
for the adrenal glands. Accordingly, the
water intake may need to be increased to 4
liters or more per day. This would also be
useful for maintenance of heat balance.

Vitamin D—1000 units per day.

Other vitamins—the use of a standard minimum
daily requirement type of polyvitamin prep-
aration daily is advocated, but in no greater
quantity than the minimum daily require-
ment as recommended by the NAS-NRC.
(Nat. Acad. of Science—Nat. Res. Coun.)

Minerals—trace mineral supplements are
strongly advocated if the food used is proc-
essed by chelation. This is one of the strong
reasons for the recommendation for the maxi-
mum use of natural foods.

Water—2.5 liters per day (one 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 one to one
and a half liters per day to avoid the develop-
ment of renal stones; urine should be main-
tained at a normal pH range.

With reference to water supplies, because of
power, weight, and volume requirements, re-
cycling of water is not considered practical for
flights of less than 30 days duration, but should
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be considered for flights in excess of that period
of time. Water sources for reclaiming include
metabolic water and that produced by the fuel
cells. The recycling of urine is considered to be
costly in both energy and volume-weight re-
quirements. Ion exchange or millipore filters
appear to be simple devices for reclaiming met-
abolic and fuel cell water and converting it to a
potable supply. Metabolic water can easily be
reclaimed for hygienic use.

With reference to urine and fecal waste, the
following recommendations are made. On each
voiding, the total volume must be accurately re-
corded and an aliquot separated for study. Ali-
quots according to aeromedical requirements
can probably be stored in the walls of the cabin
to provide additional radiation shielding until
they are returned for analysis. Cryogenic pres-
ervation is recommended.

To reduce the quantity of fecal material, a
low residue diet is recommended. Samples
should be collected, adequately identified, and
stored in sealed containers for analysis as with
the urine. Desiccation and cryogenic storage,
utilizing the conditions of space, might well be
employed to facilitate this program. It should
be borne in mind with reference to the storage
of feces that drying without either freezing or
sterilization may well introduce the danger of
bacterial contamination of the atmosphere.

From the standpoint of metabolic considera-
tions, medical selection for the ORL program
should attempt to rule out those who have a
tendency toward nephrolithiasis. It is also im-
portant to record any food intolerances and
idiosyncrasies of flight crew candidates.

The subpanel’s recommendations for research
and development include the following:

(1) A study of the nutritional acceptability
and palatability of such foods as algae, and a
reconstituted liquid or semiliquid diet of natural
products for extended periods. With this is rec-
ommended an investigation of the possibility of
extending a natural diet by means of a concen-
trated, high-density synthetic diet which can be
fed periodically and interspersed at intervals
during the flight program.

(2) Studies to determine the possible occur-
rence of ill effects from prolonged maintenance

on a very low residue diet. As a part of this
study, the exact weight and volume of fecal ma-
terial produced, for a given diet, should be
determined.

(3) Continued work in the field of food pack-
aging to enable the accurate measurement. of in-
take of food constitutents,

(4) Continued development of improved
urine and fecal collection devices.

(5) Further research and development on the
recycling of water, with purification to accept-
able standards of potability.

(6) Further research and development on the
conversion of waste materials to carbon dioxide
and water by means of free radical oxygen di-
gestion (using a stream of oxygen through a
very high frequency radio beam). The conver-
sion of the carbon dioxide to carbon and oxygen
also requires further research.

Recommendations for ground based experi-
ments, and flight crew training preflight are
as follows:

(1) The study of calcium metabolism at var-
ious phases of training under various conditions
preflight to establish baseline levels for each
potential astronaut.

(2) The provision of extensive training in
the handling of special diets during the flight
training program.

(3) A study of the effects of centrifuge sim-
ulation of the flight launch profile on the anti-
diuretic hormone (ADH) activity to provide
parameters for comparison with both 1 g and
zero g determinations.

(4) The preconditioning of the ORL crew
members to a low caloric intake is recommended,
and their body fat stores should be normalized
prior to flight. Metabolic studies to determine
the caloric cost of activity should also be done.

Recommendations for space-flight experi-
ments prior to the ORL are as follows:

(1) To fly an animal metabolic cage to deter-
mine the effect of weightlessness on metabolism,
by means of oxygen consumption and carbon di-
oxide output determinations, on H,O balance,
and on calcium balance. The effects of weight-
lessness on peristalsis and on muscle deteriora-
tion are also in need of exploration by means of
animal flights.
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(2) The determination of ADH activity dur-
ing manned space flights by means of urinary
assays. This determination relates not only to
fluid requirements, per se, under weightless con-
ditions, but also to blood volume and cardio-
vascular effects of weightless flight.

In conclusion, it should be mentioned that the

-

industry and the enthusiasm displayed by these
busy SPAMAG members in applying their well
demonstrated abilities to the problems of our
national space effort, are deserving of special
note and high praise. Their work has been most
laudably representative of the best traditions of
the American scientific community.
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Nutrition and Related Studies

in the Office of Space Science
and Applications, NASA

The Bioscience Programs Division of the Of-
fice of Space Science and Applications, NASA,
sponsors basic research in areas having a po-
tential for application or development of sys-
tems for use in the space program.

BIOREGENERATIVE LIFE SUPPORT
SYSTEMS

Bioregenerative life support systems will be
required in future extended manned scientific
missions in space. Storage-type systems would
impose penalties in weight and space that
would not be feasible for voyages lasting
months or years.

Looking to the future, the Office of Space Sci-
ence and Applications has supported limited
biological research on gas exchangers involving
both photosynthetic and mnonphotosynthetic

.

Ficure 1.—Electron microscope picture of
hydrogenomonas bacteria.

DaLe W. JENKINS

Chief, Environmental Biology Program
Office of Space Science

and Applications, NASA

systems and on bioregenerative management of
wastes, including water.

A scientific breakthrough has occurred in the
development of a biological regenerative system
by the Martin Marietta Company. In this sys-
tem the electrolysis of water (splitting water
into hydrogen and oxygen by electricity) is
used with Hydrogenomonas (soil bacteria)
shown in figure 1, which combines the hydrogen
with the carbon of carbon dioxide from the
astronaut. (See fig. 2.) This method requires,
on a batch basis, only 10 percent of the electric
power and from 10 to 20 percent of the volume
and weight of the best thermophilic algal
(Chlorella) gas exchanger system. Optimal
concentrations of oxygen and nitrogen, tem-

)

e ELECTRICITY

EXCESS H,0

HYDROGENOMONAS

ASTRONAUT

Ficure 2.—Electrolysis hydrogenomonas bacterial
bioregenerative system.
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perature, and other groyth cofditions have been
established. Special studies were carried out
on formation of fat inclusions in the bacteria
due to gas limitations.

A continuous culture turbidostat apparatus
has been designed and built by the Battelle Me-
morial Institute. The electrolysis unit feeds
hydrogen alternately with oxygen into the
bacterial substrate. The system is nearly all
automatic but is flexible to allow experimenta-
tion.

Mississippi State University is studying the
long-term culture methods and possible accu-
mulation of toxic materials. The Magna Cor-
poration is carrying out research on utilization
of urine in culture medium.

The rate of progress has been rapid, and the
culture methods used for other bacteria in mass
culture have been utilized. The electrolysis sys-
tem developed for other programs has been used
effectively. The main problems include change
from autotrophie to heterotrophic growth and
the presence of a phage which attacks the
Hydrogenomonas bacteria, These problems are
being studied intensively. Quantities of the
bacteria are being fed to animals and human
volunteers.

At Colorado State University the responses
of plants to high-energy radiation (ultraviolet
to infrared) are being studied. Plants from
high mountain tops normally exposed to higher
intensities of ultraviolet light and the effect of
temperature on photosynthesis are being
studied. Corn, beans, and tomato plants are
being grown under germ-free conditions.

Screening of various higher plants for use
in bioregenerative systems at Connecticut Agri-
culture Experiment Station resulted in selection
of corn, sugar cane, and sunflower for possible
use in bioregenerative systems. Optimal condi-
tions have been established and the amount of
leaf surface required to support an astronaut
has been shown to be from 100 to 130 square
feet of leaf surface.

A recyclostat has been developed, under a
NASA grant, by the University of Maryland
for continuous culture of Chlorella algae. This
apparatus is completely automatic and conserves

and recycles all water, adds nutrient, and re-
moves excess algal cells. This grant is pri-
marily responsible for basic physiological
studies on algae and for determination of opti-
mum algal growth conditions.

The photosynthetic process in plants is being
studied intensively by the Research Institute
for Advanced Studies of the Martin Company.
The respiration process has been studied during
photosynthesis and several metabolic pathways
have been elucidated. Mechanisms are being
studied to explain the inhibitory effects of
strong visible light on this process. This pro-
gram may lead to the use of chloroplasts or
chlorophyll without cells in future photosyn-
thetic bioregenerative systems for long-term
space travel.

REDUCTION OF METABOLISM

A research program in the Office of Space
Science and Applications is being undertaken
as a long-range objective for reduction of me-
tabolism in astronauts for long-term manned
space flight, such as a Mars mission in the
1980’s. The reduction of human metabolic rate
may be accomplished by reduction of tempera-
ture or artificial hibernation, response to hot
dry conditions or artificial aestivation, and de-
pression of metabolism by various pharmaceuti-
cal drugs. Reduction of metabolism would re-
sult in lowered requirements for food, water,
and oxygen, and would produce less carbon
dioxide, urine, and waste. It is assumed that
the astronaut could be aroused following a long
flight and would be active during planetary
landing and exploration.

The present state of the art with regard to
lowered temperature to produce lowered metab-
olism is not well advanced. While some hu-
man beings have been exposed or subjected to
decreased temperature for relatively short pe-
riods without serious problems, no long-term
sleep or hibernation has been induced. A major
problem encountered with humans and primates
when subjected to severe cold is ventricular fi-
brillation, which may result in death. Much re-
search is required to understand this well enough
to develop potential use of induced hibernation.
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Even less is known of the mechanisms involved

" in aestivation.

NASA presently supports a modest research
program of hypothermia, hibernation, and aes-
tivation with the objective of inducing decreased
metabolism in humans.

LOSS OF SKELETAL CALCIUM

When man lives under weightlessness condi-
tions, loss of muscle tone and mass, as well as
loss of calcium from the skeleton, is expected.
During periods of bed rest, patients lose rather
large quantities of bone mineral.

PLASTIC BLOCK

X-RAY
OF SPINE

A bone X-ray densitometry method (fig. 3)
has been developed by Texas Woman’s Univer-
sity for accurately determining the loss of bone
mineral (=#2 percent accuracy) in humans and
animals. The heel bone and spine are X-rayed
using a calibrated aluminum wedge for a base-
line comparison. It has been recommended that
the bone X-ray densitometry method be used on
astronauts before and after flights in the Gemini
and Apollo programs.

Bed rest and immobilization studies at Texas
Woman’s University have shown loss of skele-
tal mineral and increased loss of calcium in the
urine and excreta. Four bed-rest studies, each

Al WEDGE

FicURE 3.—Bone X-ray densitometry studies relating to calcium loss with weightlessness.
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extending for 2 weeks, were carried out com-
paring difterent levels of calcium intake. Four
men were used in each study and the men served
as their own controls during extended ambula-
tory periods. During 2-week periods, up to 10
percent of calcium mineral was lost from the
heel bone (fig. 4). The calcium loss was also
determined in the urine and feces. In other
studies, isometric exercises have helped prevent
some loss during bed rest.

Studies are planned at the Harvard School
of Public Health to determine the results of
feeding fluorine to animals, preliminary to
feeding human volunteers during bed rest sim-
ulating weightlessness. It is possible that fluo-
rine may prevent the loss of calcium or decrease
the rate of loss.

CHEMICALLY DEFINED SYNTHETIC DIET

A chemically defined synthetic diet for hu-
mans has been compounded by Dr. Milton Win-
itz, formerly with the Medical Sciences Re-
search Foundation. The complete liquid diet is
composed of required amino acids, fat, carbo-
hydrate, vitamins, and minerals. A cubic foot
of the diet (in 50 percent H,O) supplies 2500
calories per day for 1 month, and has been
flavored with a variety of artificial flavors.

GRAMS OF CALCIUM
2.5¢

2.3k

2.2
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0oL

N S S S S N 1 I I

012 34567 891011121314
DAYS OF BED REST

FIGURE 4.—Loss of skeletal calcium from heel bone
during bed rest.

The synthetic diet has been fed in a pilot
study to human volunteers at the California -
Medical Facility by the Medical Sciences Re-
search Foundation for a 6-month period, and
the results are now being reviewed. The feed-
ing has been completed but analyses of speci-
mens and data interpretation must be completed
before determination of what future research is
required. It is expected that the Space Science
Board, Life Sciences Committee, will be con-
sulted in this connection.

Schwarz Bioresearch, Inc., is carrying out
studies on the storage, stability, and packaging
of chemically defined synthetic diets for human
and animal flights.

STUDIES WITH ARTIFICIAL
ATMOSPHERES

Animal growth and development have been
studied in atmospheres almost devoid of nitro-
gen, atmospheres composed of oxygen under a
reduced pressure, or of helium and oxygen mix-
tures at 1 atmosphere. These studies at Ohio
State University indicated a deleterious effect
of low nitrogen which may mean that nitrogen
is necessary for normal adult life.

Continuous exposure of rats at Oklahoma
City University to 100 percent oxygen for 25
days at a simulated altitude of 26 000 feet re-
sulted in a 10-percent decrease in total metabo-
lism. Using the radioisotope carbon technique,
there was a significant reduction of lipid metab-
olism in the liver, but no decrease in heart
metabolism. Exposure to 80-percent argon and
20-percent nitrogen at sea-level air pressure re-
sulted in slight slowing of metabolism with an
increase of two to three times in the amount of
fat deposition.

Studies on the ability of test-subject men to
exercise at levels beyond which they are able
to supply oxygen are being carried out at In-
diana University. Men on a treadmill accu-
mulated an oxygen debt in 3 minutes and could
continue 8 minutes; however, in this study the
debt did not continue for 15 to 40 minutes after
stopping exercise as reported in another lab-
oratory. Arterial and venous blood was sam-
pled continuously during exercise by use of
catheters.
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EFFECTS OF SPACE ENVIRONMENTAL
* FACTORS

Research in the Bioscience Programs Office
_ includes basic biological studies to determine the

effects of space environmental factors on liv-
ing organisms, and basic research related to
manned space flight.

A Biosatellite Program is being carried out
to study the effects of unique space environ-
mental factors. The Biosatellite spacecraft will
be recoverable, and the first of a series of six
flights will be in mid-1966.

Twenty experiments have been selected for
flight from 175 submitted by the scientific com-
munity to study the effects of weightlessness
and decreased gravity at the cellular, organ, and

organism levels from 3-' to 36-day orbital
periods. The experiments include a wide va-
riety of plants and animals from single-celled
organisms to higher plant and animals, includ-
ing primates.

Experiments have been selected to study the
effects of weightlessness combined with a known
source of radiation to determine if there are
any antagonistic or synergistic genetic or so-
matic effects on various organisms. Experi-
ments are included to study the effects of the
unique environment of the Earth-orbiting satel-
lite and removal from the Earth’s rotation in
relation to biological rhythms of plants and ani-
mals. Various animals will be fed different
diets and the effects of space flight factors on
digestion and metabolism will be assessed.
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Overview of United States
Army Medical Service
Research in Nutrition

JAcQues L. SHERMAN, JR.
Chief, Research Division

U.S. Army Research and Development Command
Office of The Surgeon General

N65’18571‘

Within the United States Army structure regarding nutrition, it is the overall respon-

sibility of the Army Materiel Command to provide adequate rations to troops throughout
the world. The responsibilities of the Surgeon General are to evaluate the nutritional
adequacy of ratioms, the wholesomeness of foods provided, and to study the relationships
of diet to the nutritional status and performance of the soldiers. The Army Medical Serv-
ice Research and Development Command assists the Surgeon General in this latter function
by carrying out nutritional surveys and research programs i diet and overall nutrition.
Surveys of the actual diet consumed by troops have been performed, and assistance to
Interdepartmental Committee on Nutrition for National Defense has been provided. These
provide informatior on which both the Surgeon General and the Army Materiel Command
can judge the actual utilization of food and military rations. Other programs relating to
diet and food intake relate to the wholesomeness of irradiated food, the development of an
intravenous alimentation, the nutritiomal adequacy of algae and of cellulose, as well as
evaluation of the presence of trace elements and vitamins in the diet as actually consumed.
Research programs relating to energy metabolism and performance include studies in body
composition; the loss of nutrients in sweat; the relationship of protein requirements to
stress, infection, and work ; and the effect of varying periodicity of food comsumption.

The purpose of this presentation is to indicate general areas of Army Medical Service
interest in nutrition and to denote that programs and technical competence exist within
the Army Medical Service Research and Development Command which may be of interest

or of assistance to researchers in this field.

The Army Medical Service has as its mission
the conservation of the fighting strength of the
Army. To accomplish this mission, the Medical
Service must provide for the prevention and
treatment of disease and of injury among its
forces. In peacetime, medical care for the sol-
dier differs little from that for the civilian;
but in preparation for combat or in actual com-
bat, there may be significant differences in the
requirements for prevention, diagnosis, and
treatment of casualties. These differences arise
from the fact that the soldier must be prepared
to be sent into areas of the world where exotic
infectious diseases exist and where the climate
or the altitude are different from those to which

he has been accustomed. Under these foreign
conditions, he will be subjected to the multiple
stresses of combat. He will live, eat, fight, con-
tract disease, sustain wounds—and sometimes
die—outdoors.

The program of the United States Army Med-
ical Research and Development Command is
oriented, therefore, toward the identification
and solution of problems arising from these dif-
ferences. It is evident that a large part of this
research program must be devoted to develop-
ment of methods for the prevention and treat-
ment of military casualties due to disease and
injuries sustained in combat areas. In addition,
however, there is a responsibility for the devel-
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[

opment of information on methods for protect-
ing the soldier against a serious decrement of
performance due to exposure to factors such as
cold, heat, high mountain altitudes, sleepless-
ness, reversal of his circadian rhythm, noise and
vibration, or emotional stresses. Many or most
of these exposures might arise in a rapid move
of the soldier by modern jet airlift to a far-off
battlefield. Thus, the Army Medical Service
Research and Development program must in-
clude many studies on the normal performance
of the healthy soldier and on methods to sustain
this performance.

Against this broad general background, it is
apparent that there will be some differences be-
tween the Army’s research program in nutrition
and that within the civilian community or the
program oriented toward the special needs of
man in prolonged space flight. The actual dif-
ferences, however, are not really great since the
basic elements of food, man, and stress are com-
mon to all nutritional programs, as is tech-
nology.

A brief summary of the Army Medical Serv-
ice research program in nutrition may give an
idea of our approach, our methods, and our
goals. At the outset, I should like to point out
that problems relating to procurement, pack-
aging, storing, distribution, preparation, and
acceptability of foods are the responsibility of
the Army Materiel Command, and that re-
search in these areas is performed by the
Quartermaster Food and Container Institute of
the Armed Forces.

The nutritional research program of the
Army Medical Service is carried out principally
at the United States Army Medical Research
and Nutrition Laboratory in Denver, Colorado.
Supplementary to this in-service program is a
grant and contract program, primarily per-
formed at universities in this country.

The Army Medical Service program may be
considered in two general categories—in which
there is obviously some overlapping: (1) Foods
and intake; and, (2) Nutritional requirements.
Included in the first category are nutritional
surveys. Careful studies of the actual amounts
and types of food consumed by troops in garri-
son and in the field have provided data neces-

sary for proper evaluation of the Army diet.
In addition, members of the Medical Research
and Development Command have participated
in surveys performed by the Interdepartmental

Committee on Nutrition for National Defense -

in approximately 20 countries, including Bur-
ma, Jordan, Uruguay, Chile, Lebanon, Thai-
land, Taiwan, Malaysia, and Brazil. The results
of these surveys are well known and have been
of great value in assessing the nutritional status
of civilian and military populations in many
areas of the world.

For the past several years, an extensive pro-
gram has been carried out by the Army Medi-
cal Service on the wholesomeness of high-dose
irradiated foods. Long-term animal feeding
studies and short-term human toxicity studies
have been included in evaluations of approxi-
mately two dozen food items. Canned irradi-
ated bacon has been cleared for general con-
sumption by the Food and Drug Administra-
tion, and numerous other foods are in the
process of evaluation at this time.

Because of the need for higher caloric in-
travenous fluids, a program to develop fat
emulsions suitable for use by this route has been
underway for many years. Several emulsions
have been prepared and tested, and work is now
in progress to develop an intravenous alimenta-
tion which will supply adequate amounts of
calories as fat, protein, and carbohydrate.

Although not a major area of emphasis for
the Army’s research in nutrition, the search for
newer foodstuffs has been a part of the program.
Feeding of microcrystalline cellulose to man has
demonstrated a significant amount of digest-
ibility of this material. The ultization of break-

down products has not been established. Also .

under investigation is the nutritional poten-
tiality of algae. Methods to improve digest-
ibility and analyses of the nutrient content of
various algae are being continued.

The second general area of our research may
be considered to cover broadly the fields of
nutritional requirements under varying circum-
stances and nutritional aspects of metabolic
needs relating to disease, trauma, and acclimati-
zation.
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Teams from the United States Army Medical
Research and Nutrition Laboratory have meas-
ured the caloric needs relating to work
performed in hot environments and have shown
that as ambient temperatures increase, there is
a corresponding increase in energy require-
ments. Similar studies have just been com-
pleted at mountain altitudes (14000 feet).
Data from these and similar studies provide a
rational basis for estimation of caloric needs
and for study of the potential value of specific
nutrients. In the same category, measurements
of optimum water, vitamin, and mineral re-
quirements can provide basic data for further
investigations into special needs for special con-
ditions. The intimate relationships between
diet and metabolic changes which occur during
work, in acclimatization, in disease, emotional
stresses, injury, and wound healing have led
to a series of studies designed to investigate the
metabolic correlates of these and similar condi-
tions in our program in nutrition.

The losses of nitrogen and minerals in sweat
have been evaluated in order to include these
data in metabolic balance studies. Also, im-
proved methods for measurement of body com-
position are being developed. The role of perio-
dicity on metabolic function in man is under
review to provide information which may be
pertinent to special situations of dietary intake.

In the contract program, detailed investiga-
tions are being performed on the effects of
stresses such as anxiety, sleep loss, minor patho-
logical processes, infection, and work load on
essential nutrient requirements in normal man.
Other studies are being done on the relation-
ships of nutritional ketosis to “cold ketosis”
which are of interest in the programs of ac--
climatization of man to cold environments.
Protein deprivation and the overall effects of
protein malnutrition are being evaluated to
determine the metabolic processes by which
animals adapt to these nutritional changes.
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U.S. Air Force
Program on Aerospace
Nutrition Research

—

The U.S. Air Force conducts a program in
research in nutrition intended to meet the re-
quirements peculiar to the Air Force in systems
development, acquisition, and operation, These
specific requirements occur in the fields of :

(1) Aerospace flight

(2) Unusual operational environments (e.g.,

arctic)

(3) Survival and emergency conditions

The USAF nutrition research program is
concentrated in the Aerospace Medical Division
of the Air Force Systems Command. Three of
the laboratories in that Division have activity
in nutrition research :

(1) School of Aerospace Medicine (SAM)

(2) Arctic Aeromedical Laboratory (AAL)

(3) Aerospace Medical Research Labora-

tories (AMRL)

In addition to the exploratory development con-
ducted in these laboratories, more basic re-
search, supported by funds from the USAF
Office of Aerospace Research, is monitored.
The level of effort is quite modest and includes
the participation of a total of about 20 people
(not man-years) in the in-house activities and
slightly less than 400000 dollars annually in
support of contractual studies.

The following information includes all tasks
which are presented in four rather arbitrarily
divided categories:

(1) Survival situations

(2) Special environments

(3) Metabolism

(4) Aerospace diet

JoserH M. QuasHNoOCK

Aerospace Medical Research Laboratories
Wright-Patterson AFB, Ohio

. e
N65 .8572a
NUTRITION IN SURVIVAL SITUATiONS )

High Fat Diets—AAL—In-house

Objective—To provide the Air Force with
concrete, experimentally obtained information
regarding the use of high fat diets for subsist-
ence during relatively long periods of time.
Use of these diets, if feasible, would save weight
and volume required for food in certain flight
systems, in overland high altitude and arctic
operations, and in emergency situations involv-
ing extensive supply drops.

Current status.—Studies concern biochemical
alterations resulting from feeding high fat diets
for some time. In animals, certain metabolic
pathways, especially carbohydrate shunt sys-
tems, almost completely shut down when die-
tary fat is raised to only 25 percent by weight,
which is comparable to the average content of
the American diet. Reactivation of these sys-
tems, however, is often accomplished by feeding
only one content of a high carbohydrate meal.
Cold exposure has little effect when superim-
posed on “high fat” diets. In humans, we have
observed that formula diets containing as much
as 60 percent of calories as fat do not cause
ketosis or hypercholesteremia when fed for 2
weeks at a 3500-kcal/day level to healthy men.

Future plans.—Fat deserves more study as a
calorie source in space nutrition. Corn oil, for
example, could be used to beef up formula diets
and (as has been found) make them more palat-
able. Plans for future experiments are some-
what limited as far as human nutrition is con-

33



34 NUTRITION IN SPACE AND

cerned, since facilities are not available for
well-controlled long-term studies, but it is
planned to studyy human responses to formula
diets containing large amounts of corn oil over
periods as long as 3 months. In addition, fun-
damental studies on metabolic alterations aris-
ing from high fat intake will be continued.

Human Performance in Survival—AAL—
Contract

Objective—To provide the Air Force with
information which will enable aircrew survivors
to cope with the initial physiological and psy-
chological shocks of survival in the arctic with-
out food, shelter, or companionship.

Current status—Dr. Rogers (University of
Hawaii) has carried out three winter field stud-
ies in which he has investigated electrolyte sup-
plementation as a method for reducing body
fluid losses when men are forced to starve under
realistic arctic survival circumstances. He has
found that either sodium chloride or sodium
bicarbonate given daily do reduce these losses.
This winter he extended his studies to inves-
tigate starvation episodes as long as 7 days as
compared with caloric intakes of 500 keal/day
obtained from sucrose or pemmican with essen-
tially the same results as found in the shorter
experiments. In addition to thesé studies, he
measured the caloric cost of skiing and snow-
shoeing across various terrains typical of the
subarctic; he was especially concerned with
comparing skilled and unskilled subjects.

Future plans—The basic objective of this
project is to determine the physiological param-
eters of syncope in survivors and from this to
devise methods for avoiding syncope, a condi-
tion which may well have the most ominous
rseults for the survivor. Dr. Rogers believes
that dehydration, with its attendant concentra-
tion of blood, which may lead to circulation
failure, is one of the most important physio-
logical factors involved in syncope. Future in-
vestigations should be aimed toward determin-
ing whether this hypothesis is true and, if so,
whether fluid-saving procedures can make the
difference between syncope and no syncope.
Dr. Rogersalso plans to investigate feeding pro-
cedures during survival, This is important be-

RELATED WASTE PROBLEMS

cause of the often contradictory instructions
given to potential survivors. Whether to spread
the available ration over a projected period of
isolation, whether to starve the first day (which
has been advised by some), or whether to eat
the bulk of the ration the first day are three
alternatives. It might be better for the sur-
vivor to eat most of his food the first day, for
it is then that he is necessarily most active and
shocked, and superimposing starvation on his
organism might easily tip the scales toward syn-
cope. After he has built a shelter and made his
signals, it may be less dangerous for him to
experience starvation dehydration. Dr. Rogers
also plans to investigate further the energy
requirements of cross country travel in the
arctic.

Stress of Refeeding Following Starvation——
AAL—Contract

Objective—To provide the Air Force with
information and make recommendations for the
proper feeding of victims of starvation or
undernutrition.

Current status.—Active. Dr. Johnson (Uni-
versity of Illinois) has carried out several long-
term studies of the effects of severe starvation-
refeeding episodes in pigs. He has found that
if pigs were allowed to gorge themselves on
glucose following complete starvation for 30
days, they went into apparent shock. A bal-
anced diet had less effect and corn oil no effect,
possibly because the pigs did not eat as much
as with glucose. Several starvation-refeeding
episodes resulted in labile hypertension and
autopsies showed permanent -cardiovascular
damage. Experiments with rats undergoing
the same type of starvation-refeeding showed
that supernormal lipogenesis occurred during
refeeding glucose. He and his colleagues think
that this supernormal lipogenesis may cause
extensive lipid accumulation in the vascular
system, and thus be a clue to cardiovascular
failure during refeeding.

Future plans.—Dr. Johnson plans to continue
these studies, both on pigs and on rats. In rats,
investigation of the metabolic or hormonal de-
fect responsible for the observed block in car-
bohydrate utilization following starvation
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would perhaps provide a clue to the reactions
of the pig. The problem of permanent cardio-
vascular damage arising from starvation-refeed-
ing episodes and methods of preventing it con-
tinues to interest Dr. Johnson and his colleagues.

NUTRITION IN SPECIAL ENVIRONMENTS

Amino Acid Metabolism During Stress—

AAL—In-house

Objective—To provide the Air Force with
information concerning the effect of various
stresses, especially cold and heavy work, on the
dietary requirements for protein in general, and
various specific amino acids in particular. In-
vestigation of these interactions should make
possible more realistic recommendations for the
formulation of diets for specialized operations.

Current status—Several experiments have
been made with animals which have some defi-
nite bearing on human nutrition, especially
during stresses which raise the general meta-
bolic turnover. It is generally known that diets
containing imbalanced amino acid mixtures
(due to a functional excess or deficiency of one
or more essential amino acids) cause growth
failure in rats. This growth failure appears to
be almost. entirely due to appetite failure. To
put these two facts together, several experi-
ments have been carried out in which imbal-
anced diets were fed to cold-exposed rats. In
many cases, depending on the type of amino
acid imbalance, the cold-exposed animals were
able to overcome the appetite depression caused
by the imbalance, and when they did, were able
to grow in the cold room, in contrast to their
behavior at temperate warmth. This was in-
terpreted to mean that if appetite were stimu-
lated by external coolness, these animals were
able to “balance” the imbalanced diet, possibly
by burning off the imbalancing amino acid.
This hypothesis was later verified by using
radioactive amino acids.

Future plans—It is planned to apply these
ideas to human nutrition. Humans, unlike
rats, regulate their food intake by mechanisms
unrelated to nutritional adequacy. Thus, the
rather elaborate edifice of amino acid “balance”

which has been built by some investigators may
have little relevance to human nutrition. It is
proposed to study amino acid balances in hu-
mans by applying some of the modern tech-
niques of amino acid measurements in serum—
in particular, using the varying patterns of
sequential changes after specific meals as cri-
teria of amino acid utilization. This technique
may be more sensitive than nitrogen balances,
which, unfortunately measure only gross long-
term changes. If some standard values can be
established, it would then be possible to study
many interactions, for example, effect of acute
cold stress on utilization of various protein or
amino acid mixtures, utilization of unusual pro-
tein sources, and interactions of other nutrients
on protein metabolism, to mention a few.

Nutritional Balance Under Reduced Dynamic
Stress—AMRL—Contract

Objective—To determine the most suitable
dietary distribution of carbohydrate, protein,
fat, other nutrients, and certain physiological
variables, such as exercise, as affected by fre-
quency of feeding and postural changes for the
optimal maintenance of the biochemical and
physiological efficiency of man in space during
prolonged periods of inactivity.

Current status.—Dr. Rodahl (Lankenau Hos-
pital) has provided baseline information con-
cerning the type, time of onset, degree, and
duration of several metabolic and physiological
alterations in human subjects during 6 weeks of
complete bed rest. This research has demon-
strated that young healthy men confined to the
recumnbent, position exhibited a marked deteri-
oration of physical work capacity, a decreased
tilt table tolerance, and an increased urinary
calcium excretion. The deterioration of physi-
cal work capacity resulting from prolonged in-
activity can be corrected by exercising for 1
hour a day at 600 kilopond-meters while other-
wise maintaining the recumbent position. The
decreased tilt table tolerance resulting from
prolonged inactivity can be prevented by sitting
in a wheel chair for 8 hours per day and remain-
ing recumbent the rest of the 24-hour period.
Research now in progress is providing addi-
tional information concerning the type, time of
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onset, degree, and duration of metabolic and
physiological alterations which can be expected
to occur when well-fed physically fit men are
subjected to prolonged periods of stress result-
ing from inactivity and an elucidation of die-
tary and physiological training modifications
and mechanisms which could be utilized to
ameliorate the observed response.

Future plans—Research will be undertaken
to provide further insight into the effect of fre-
quency of feeding, exercise, and postural
changes on nutritional and physiological bal-
ance under reduced dynamic stress. Lankenau
Hospital has provided baseline information con-
cerning the type, time of onset, degree, and dura-
tion of several metabolic and physiological al-
terations in human subjects during prolonged
bed rest. Further, Lankenau Hospital has in-
dependently established procedures to prevent
the deterioration in work capacity and ortho-
static tolerance; under future contract it will
establish procedures to prevent the increased
nitrogen and calcium excretion which results
from prolonged bed rest. Future studies will
simultaneously evaluate the preventive meas-
ures to ameliorate the deleterious effects result-
ing from prolonged bed rest.

Effect of Space Flight (Simulated) on Ca-P
Metabolism—AMRL—Contract

Objective—To determine the mechanism
causing increased mobilization and excretion
of calcium and phosphorous in response to simu-
lated space flight stress.

Current status—The stresses expected in
long-term aerospace flight produce certain de-
leterious biochemical and physiological effects.
It is important that the metabolic mechanisms
involved be elucidated so that these effects may
be prevented or overcome. This research will
provide information on the degree and duration
of calcium mobilization and excretion as related
to hormone levels, enzyme levels, isoenzyme pat-
terns, and tissue calcium and phosphorus con-
tent.

Future plans.—TIt is anticipated that this re-
search will gain insight into methods of amelio-
rating this response and that future research
will validate preventive procedures.

NUTRITION AND METABOLISM

Nutrition and Metabolic Individuality—

AMRL—Contract

Objective—To validate the reliability of de-
termining man’s individual protein and amino
acid requirements by utilizing the plasma amino
nitrogen method and to investigate the feasibil-
ity of using blood plasma enzyme levels for
predicting an individual’s amino acid require-
ments.

Current status.—This research effort is being
accomplished by comparing the results of this
method with the classical nitrogen balance
method. In addition, the contractor is further
standardizing the method to permit use of this
technique in a clinical laboratory. Determina-
tions are being made on circulating blood
enzymes and correlated with amino acid require-
ments as determined by the plasma amino nitro-
gen method. It is hoped that a new method for
predicting an individual’s amino acid require-
ment may be accomplished by performing an
enzyme determination on a micro quantity of
blood.

Future plans.—Future research efforts, using
information provided by present research on
enzyme individuality, will explore the response
of various enzyme systems to proposed dietary
conditions and altered environments expected
in aerospace systems. This research would lead
to the establishment of certain enzymes as bio-
logical parameters in selecting future astronauts
in aerospace systems and in establishing en-
vironmental and dietary criteria.

Cerebral and Peripheral Metabolism—
AMRL—Contract

Objective—~This research effort is designed to
develop and evaluate a method of studying cere-
bral glucose, free amino acid, and free fatty acid
metabolism and to ascertain the relationship
between the cerebral and peripheral threshold
glucose, free amino acid, and free fatty acid
levels.

Current status—This study is important in
understanding what effects prolonged fasting or
inadequate nutrition will have an mental acuity
and the individual’s performance. Informa-
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tion from this research is expected to yield a
means of determining individual nutritional
requirements for cerebral and peripheral tissue
and thus it may be possible to measure psycho-
logical and physical performance. This re-
search is being managed and monitored by the
Air Force European Office of Aerospace Re-
search.

Future plans.—This is a 2-year effort extend-
ing through January 1965.

Protein Absorption and Metabolism—
AMRL—In-house

Objective—To study the mechanisms of in-
testinal digestion and absorption of proteins in
mammals.

Current status—Of specific concern in this
research project is the relationship of the com-
position and physical state of the foods and
nutrients containing the proteins or related
nitrogenous materials to the efficiency of diges-
tion and absorption. Also, the stimulatory ef-
fects of cofactors, such as vitamin B, and its
analogues, on the transport of amino acids and/
or polypeptides across the intestinal cell wall are
being ascertained.

Future plans—Future research will attempt
to establish optimum ratios of essential to non-
essential amino acids and of individual essential
amino acids in relation to their optimum ab-
sorption.

AEROSPACE DIET

Plant Foods in Space Flight—SAM—
In-house

The studies of various plant forms which may
be considered for use as foods in space flight are
reported in the paper by Dr. Wilks.

Nutritional Requirements in Simulated
Space Flight—SAM—In-house

The results of numerous experiments in a
space flight simulator in which dietary regimes
and nutritional requirements were evaluated
are presented in the paper by Dr. Welch.

High Energy Synthetic Compounds—
AMRL—Contract

Objective—To provide data on the energy
value, toxicity level, mechanism of metabolism,
and the in vivo efficiency of utilization of known
and newly synthesized energy-dense compounds
and biologically efficient polypeptides.

Current status.—This research effort by Dr. S.
Miller of the Massachusetts Institute of Tech-
nology has provided data on the energy value
and the in vivo efficiency of utilization of
known and newly synthesized energy-dense
compounds. Studies are now being completed
to determine the metabolic pathways for these
compounds. In addition, long-term feeding
studies have been completed to test their tox-
icity. This work has provided sufficient data to
present to the Food and Drug Administration
for approval to test these energy-dense com-
pounds on humans.

Future plans—Two future efforts are
planned under this research project. The first
research effort will be directed toward the syn-
thesis and metabolism of biologically efficient
compounds for human nutrition. This research
will be directed toward the synthesis of a
polypeptide with an amino acid composition
which can be efficiently converted to body pro-
teins. Such a nitrogen source will permit lower-
ing the level of protein in the diet and thereby
reduce greatly the water requirements. Such
a protein would also provide a further advan-
tage by reducing the weight of supplies needed
for man in space. The second research effort
will be directed toward the chemosynthesis of
energy-dense biologically efficient compounds.
Such compounds would efficiently provide ener-
gy and nitrogen and thereby reduce the weight
of on-board food supplies required to sustain
man in prolonged aerospace flight.

Intestinal Microflora and Diet—AMRL—
Contract

Objective—To enumerate qualitatively and
quantitatively the gut microflora of animals and
man and to elucidate the influence of various
diets on this flora.

Current status.—Diets of various types, such
as liquid and freeze-dehydrated, and of various
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compositions of protein, carbohydrate, fat, and
fiber will be fed to humans, normal animals,
and gnotobiotic animals and the population
dynamics of the gut flora observed. The types
of organisms observed and the induced changes
noted will be correlated with the general gut
physiologic status (in animals) and the diet
factors, resulting in recommendations of more
compatible aerospace diets.

Future plans—It is hoped that the influence
of microorganisms as they contribute to nutri-
tion of the host will be more fully understood
and that specific microorganisms can be used
as indicators of the nutritional value of a diet.
Successful elucidation of the role of gut micro-
flora in nutrition may lead to research efforts
to determine the feasibility of changing the
human’s gut microflora to make him a more effi-
cient machine with respect to a given nutritional
regimen.

Protein, Energy, and Water Requirements
in Simulated Space Flight—AMRL—In-
house

Objective—To furnish the data necessary to
provide optimum nutrition for man during
long-term aerospace flights and extraterrestial
habitation. This is an effort jointly supported
by NASA.

Current status—Experimentation has been
completed utilizing 8 subjects for 42 days. Dur-
ing this test protein, water, and energy balance
studies were performed so as to obtain base-
line data in a controlled activity facility. A
2-day-cycle metabolic menu with 6 meals
per day of ordinary foods was used exclusively
and each food item was rated by the subject at
each meal. Experimentation now in progress
is again utilizing 8 subjects for 42 days. These
studies have the same experimental design as
the former studies except that each subject is
being fed freeze-dehydrated food for 20 days
while the remainder of the subjects are being
given a comparable fresh prepared diet. A
4-day-cycle metabolic menu with 4 meals
per day is being used for each diet. Metabolic

biochemical, physiological, psychological, and
microbiological parameters are being deter-
mined during these studies.

Future plans—During the next 2 years the
following areas will be investigated: (1) study
of the nutrient requirements of man subjected
to simulated space stresses, (2) nutritional
evaluation of foods to be used in space missions
such as MOL, Gemini, and Apollo, and (3)
study of the interrelationships of the gut micro-
flora and diet. These areas will be investigated
during the next 2 years in a total of 8 trials in-
volving 32 experimental subjects with space
capsule confinement and under various atmos-
pheres. With this number of subjects, sufficient
information will be obtained for the estimation
of the magnitude of the interactions between
man, environment, and diet.

Evaluation of Nutrients in Space Dietary

Regimes—AMRL—In-house

Objective.—To provide data on the useful-
ness of various food sources in providing for
man’s requirements during long-term aerospace
travel and extraterrestrial habitation.

Current status—This research is being ac-
complished jointly with the program on de-
termining nutritional requirements. Food to
be evaluated is very carefully sampled for
chemical analysis to determine gross nutri-
ents. Carefully prepared and weighted diets
are then fed to young healthy men. Digestibil-
ity of the foods will be determined by the dif-
ference between intake and excretion. Measure-
ment of the levels of nutrients excreted in the
urine will permit the calculation of metaboliza-
ble nutrients.

Future plans—Following the present bio-
logical evaluation of precooked freeze-dehy-
drated foods, this effort will be concentrated on
developing a liquid diet and then subjecting it
to a critical biological evaluation in humans.
Based on this experimental evidence, a nutri-
tionally adequate, well accepted diet for MOL
will be formulated.

Finally, in support of numerous in-house
AMRIL efforts, there has been a continued
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relationship with the Armed Forces Food and
Container Institute. The research services of
that institute provide a variety of nutritious
foods acceptable for USAF use during experi-
ments simulating aerospace missions. Proto-
type foods and/or packaging may be developed

v
for evaluation. Food items included are: pre-
cooked-dehydrated, heat-processed, semisolid,
tubed, liquid, precooked freeze-dehydrated, and
bite-size solid. The Institute has the technical
capability and facilities to meet USAF specific
requirements.
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Manned Space Flight
in the Context of
National Goals

INTRODUCTION
Identifying National Goals

There are many national goals, some funda-
mental, and others changing. Some are as basic
and enduring as preserving freedom and the
other rights we value; supplying our physical
wants on an increasingly generous scale; and
being able to live the “good life” of wholesome
pleasures, pursuit of knowledge, and greater
esthetic appreciation. Other goals may be tran-
sient, such as the efforts which we must make
to marshal our resources when we are faced with
a common enemy and war is upon us; or when
there is a campaign to conquer a particular dis-
ease; or even to build an interstate highway
system.

Is space flight, or what it implies, a national
goal, and is it basic or transient? This could be
as much a practical question as it is a philo-
sophical abstraction. Not every one views
space the same way, and this is understandable,
for it has become a conscious and active part of
public policy only very recently. If space is
viewed as something which is an expensive nov-
elty, pursued largely because of Soviet propa-
ganda successes since 1957, then this will color
all our national policy thinking, and what we
should do about it will tend toward a partic-
ular direction. But if space concern represents
a revolutionary and permanent change in hu-
man thought and society, attitudes and policies
may be quite different.
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How Space Flight Entered Our
Consideration

The intellectual basis of understanding space
goes back about 2,000 years, and then after a
long hiatus, fairly detailed principles of plane-
tary motion, celestial mechanics, and rocket pro-
pulsion were worked out about 200 to 300 years
ago. Real engineering began in the present cen-
tury with Tsiolkovsky, Goddard, and Oberth.
But taking space flight seriously remained the
domain of a few specialists, and even of crack-
pots. Only the last 20 years have changed this.
The German V-2 represented the beginning of
a practical vehicle. After World War II, the
Department of Defense sponsored serious studies
for design of satellite vehicles; this information
was revealed in 1949. Next came satellite plans
for the IGY in 1955, and then the full-blown
public and political shock of Sputnik in 1957.
Space truly seized public imagination. Behind
the scenes, rocket engineers knew that the tech-
nology of intercontinental missiles brought al-
most an automatic capability to conduct mean-
ingful space flights, at least to a point. With
slight rearrangement, the rocket and guidance
system which could deliver a nuclear warhead
across an ocean could also accurately place a
payload of thousands of pounds in an orbit, or
spot it on the Moon.

Contrasting Assessments of Space

But there were other educated and influential
people who felt quite different. These men,

41
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often of the greatest experience, viewed them-
selves as practical realists. They knew that the
cost of orbiting material ran into the hundreds
of thousands of dollars a pound ; they knew that
space was a hostile environment ; they knew that
by the laws of physics changing orbits and real
maneuvering carried an energy cost that lim-
ited all easy space flight. To them, all that
was left was an occasional experiment purchased
at great price, and perhaps at some risk to the
financial support of other worthwhile activities.

Fortunately, there were some who had not
yet learned the constraints most of us gain with
time, as well as others who never lose their sense
of adventure and freshness of approach to new
problems. They could see something more in
space flight. Some of the cost and operating
barriers were seen not to be fundamental but
self-imposed. As Soviet space successes stayed
significantly ahead of our own in weight of pay-
loads and hence in what could be attempted,
more ambitious plans were studied which looked
beyond adapted ICBM’s.

Establishing New Space Goals

Why did the President and Vice President
in 1961 identify themselves with a more ambi-
tious space program, including a definite time-
table for building the large launch vehicles and
manned spacecraft for going to the Moon?
President Kennedy was of a newer generation
better able to grasp the implications of space
than one would expect of most older men. Asa
Senator, Vice President Johnson had had a long
exposure to the details of the missile and space
programs, and therefore had an extraordinary
basis for such an appreciation. Although many
people would deny the connection, it is certainly
true that some observers think the proposals of
the Administration in 1961 were more palatable
to the Congress as a result of the orbiting of
Gagarin and the trouble at the Bay of Pigs. An
authoritative judgment will probably have to
await the definitive histories which have not
yet been written. In any event, in the spring
of 1961 the President went to Congress with a
program for landing men on the Moon in this
decade, developing nuclear propulsion, and
seeking more applications of satellite technol-

ogy. Distinguished leaders in the legislative
branch, particularly members of the House and
Senate Space Committees, had paved the way
with their educational efforts over several years,
and when the time came for action they were
supported by the Appropriations Committees.

REASONS FAVORING SPACE RESEARCH
AND EXPLORATION

A Matter of Philosophy

In part, attitudes of people toward space are
basically philosophical and hard to test in terms
of absolute logic. But also differences of atti-
tude are shaped either by differing assessments
of our technological future or through unequal
exposure to pertinent facts.

I will state right now that my philosophy is
that space exploration is here to stay. I can
marshal reasons. But I suppose I found them
easier to accept because my father, an engineer-
ing professor, started me on Jules Verne and
other such books when I was eight, and used to
talk to me about the future of science. Since
those years, I have continued a lay interest in
space. At the time of the Korean War when
the Navy caught me a second time, I introduced
lectures on space flight into the curriculum and
texts of a part of the Navy Postgraduate School.
In civilian life as a professor of transportation,
I was supposed to be sticking to railroads, ships,
and aircraft, but somehow I found excuses to
interlard economic analyses of spaceflight. And
once Sputnik arrived I ended up in space work
full time, with unparalleled opportunities to be
exposed to, or to participate in, shaping space
policy at the highest levels of Government.

T am convinced that space is here to stay. You
may not regard my approach as properly scien-
tific, but even so I wish to support my prior con-
viction with facts that are pertinent. I assume
that some of you share my conviction because of
the work and interests you are now pursuing.
If others of you are merely interested in spe-
cial problems of nutrition without regard for
the practical possibilities of space flight, I hope
you are open to persuasion that there is a signif-
icant future coming.




&
MANNED SPACE FLIGHT IN THE CONTEXT OF NATIONAL G@ALS 43

Because Space Flight Is Possible and “Human
Destiny®

The United States is committed to space flight
of an ambitious nature for several reasons, and
everyone will have to apply his own weight to
these several factors: First, because flight is
possible, it seems to be human nature to believe
it should be done. The frontier and new hori-
zons have always been a challenge to some men.
Instinctively, too, there are those who just feel
that mankind is destined to step beyond his
earthly bounds, just as his ancestors once
crawled out of the seas. Although the Earth is
going to be here a long time, still there is the
ultimate dream of colonizing new worlds. Man-
kind, or his descendants, may be spread to new
places and the race will survive even when Earth
itself is no longer habitable. Some people
worry that though our sun is good for billions
of years before the Earth is adversely affected,
mankind himself may do something much
sooner to risk the habitability of our home on
this planet. And there are those who philo-
sophically believe that someday spacefaring
mankind will reach other intelligence in the
galaxy. After all, our galaxy, one of millions,
may have upwards of 10 billion planetary sys-
tems among its myriad stars. And who can be
sure that life and intelligence are unique to this
planet ?

But philosophy is usually not enough to sell
a program to Congress, when goals are quite
remote. Even if such thoughts do occur to
many people, they are unlikely to feel com-
fortable about voicing them in the context of
everyday affairs. We feel in public life we have
to justify most things in terms of defense, cost
effectiveness, increasing employment, and keep-
ing ahead of the Russians.

Advancement of Science

Clearly these more mundane and direct rea-
sons just named are not to be ignored. Study
of the space medium can advance science. We
can pursue geodesy and mapping by satellite.
We can unravel the secrets of the radiation
belts, and better understand solar phenomena.
But the chances are very good that not all the
important mysteries of science were planted on

Earth or in its magnetosphere. With 9 planets
and 31 moons in our solar system, not to men-
tion countless asteroids and comets, there seems
no early limit to investigations. The Moon has
a surface area about as great as North and South
America combined. Even little Mars has a sur-
face area as great as all the land of Earth. Un-
doubtedly men will want to go to most of these
places in time without having to have reasons.
But as we weigh the comparative technical ef-
ficiency of relying on black boxes in unmanned
probes, or sending men, we shall find a cross-
over point for ambitious missions when men will
more than pay their way. The weight penalty
of life support systems will be offset by men’s
judgment, adaptability to the unexpected,
powers of data integration, and facility for
equipment maintenance.

Other elements of the scientific community
have sometimes begrudged space technology its
vast sums of money. A few even act as if we
had to choose between their interests and space.
Space dollars can actually be compared with
many other even more costly uses of arbitrary
and superficial natures in the national economy.
The practical politics of the matter are that not
only has space opened new frontiers, but it has
stimulated support for many Earth bound sci-
ences which would not likely have won as much
support in isolation from the space age.

National Defense

A concern for national defense clearly has
motivated our leaders to put money into space
technology. The well-advertised list of re-
sponsibilities to promote science and human
welfare assigned to NASA is matched by im-
portant duties assigned to the Department of
Defense. This does not contradict the objectives
of the Space Act of 1958, for both agencies’
responsibilities were therein identified as dif-
ferent elements of the peaceful use of space.
Defense is supposed to help preserve the peace
in space so that space can be devoted positively
to human betterment. On the other hand,
NASA no less than Defense is part of our in-
surance against technological surprise in mili-
tary space flight. Defense also develops and
uses much of the same technology and for the
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same purposes as do our purely civilian agen-
cies. Thus, the military have an interest in
communications by satellite, weather reporting,
observation, navigation, and several other ap-
plied uses. These similar needs among many
agencies are so inseparable, that the National
Aeronautics and Space Council has been re-
quired to help promote coordination toward our
unified national goals in space. Looking beyond
these relatively passive and nonaggressive ac-
tivities in space, the possibility has been raised
that space might be used as a medium for trans-
porting weapons of mass destruction, in addi-
tion to the JCBM’s which already make up a
key part of the strategic deterrent of the great
powers. We have declared that under existing
circumstances, we shall not initiate the placing
of bombs in orbit. The Soviet Union has made
a similar declaration. Short of general dis-
armament and inspection of all launching sites,
the major powers are somewhat reluctant to
count on these gratuitous assurances as a safe
basis for strategic defensive planning. Conse-
quently, a reasonable defense posture implies a
certain reserve capacity to detect, track, identi-
fy, and react against hostile spacecraft if in
time they should appear.

Civilian Applications of Space Flight

Although NASA is pioneering the way into
many of the civilian applications of space
flight, as operational systems are ready to be
used other agencies are finding their place too.
Tiros photographs have captured the imagina-
tion of the world, and now the Weather Bureau
is increasingly involved in future planning of
improved meteorological satellites. Historic
television pictures have been carried both ways
across the oceans, and so a Communications
Satellite Corporation has been chartered to
carry out practical exploitation of these new
intercontinental links. In the planning stage
are data-gathering satellites which may pick
up information broadcast from thousands of
points on the surface of Earth, including, for
example, remotely placed oceanographic sta-
tions, for central computer processing. These
assorted applied uses and others not yet identi-
fied are expected to provide a return greater

than all now being spent to develop space tech-
nology. The Weather Bureau has documented
potential billions in savings to the national econ-
omy from accurate weather predictions which
can be based significantly on satellite-gathered
data. It will not be surprising if unexpected
returns are the greatest of all. We have the re-
cent experience of radioactive isotopes, once re-
garded as an unwanted nuisance, whose eco-
nomic contribution already is greater than the
entire cost of the nuclear energy program.

Industrial Spinoff of Space Technology

We have also been concerned with direct
product spinoffs of space research, and quite
an effort is being made to identify these and to
make them available to the economy at large.

Economic and Technical Stimulation

Space flight is having a leavening influence
and may be affecting many other activities in
ways both subtle and direct. Far more than
product and process spinoff is involved. We
view space as a general technical and economic
stimulus to our society. There may be a few
people who do not look beyond the opportuni-
ties for the growth of their individual company
or university laboratory. But whatever it
means in particular cases, we also know that na-
tionally it is bringing industrial expansion to
many regions, and aiding higher education,
especially in the sciences and engineering. Our
ability, too, to work with exotic materials, to
maintain higher standards of quality, and to
hold to closer tolerances of necessity has been
enhanced. Almost inevitably, so much study,
building, and exploration invested will bring
us unexpected breakthroughs in many areas.

Summary Assessment of Usefulness

It is evident that in my eyes, the space pro-
gram as already launched can stand on its own
feet as a worthwhile endeavor. But I want to
strengthen this feeling with two added ele-
ments. One is to consider our competitive posi-
tion in space, a matter of practical concern we
cannot afford to overlook. The other is to try
to describe in a still-murky future some clues
to where we may be going and what they
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portend. I want to suggest that the allegedly
wise men mentioned early in this discussion who
knew the limitations of space flight are no more
right than their counterparts were in other early
negative predictions about steam engines,
heavier-than-air craft, nuclear energy, ICBM’s,
lunar rockets, and antimissiles.

SOVIET SPACE COMPETITION

National Prestige

Even though space research is worth doing
on its own merit, there is little doubt but that
early Soviet successes were a powerful stimulus
to our own efforts, and further Soviet successes
remain a useful political goad. We have been
concerned about damage to our national pres-
tige; we have feared there might be some mili-
tary advantage to the other side; and we cer-
tainly have felt a competitive urge to match
and surpass what others do well. Some people
downgrade the importance of prestige, particu-
larly if it costs dollars. But detailed analyses
of psychological reactions all over the world
have shown that prestige and power are acutely
involved and intertwined in the space race.
Soviet space successes have been used explicitly
to back threats of rocket war in several in-
stances. Their early Sputniks probably en-
hanced their general reputation for technical
excellence so that added export sales of ma-
chinery and other merchandise brought in more
foreign exchange than the space program had
cost them to that time. What is the long-run
psychological cost to us of having the backside
of the Moon dotted with Soviet names? Will
they do the same for Mars? To pretend that
national prestige is unimportant is to show a
limited awareness of historical forces in society.

The Military Sector

I have already touched lightly on some as-
pects of the potential military threat. More
outspoken individuals have warned that the use
of space might be denied us, and that nuclear
blackmail could be practiced. But regardless
of whether the danger is that extreme in the
near future, there are other legitimate defense
concerns. They help to explain why over two-

thirds of all our space launchings have been for
the Department of Defense.

Statistical Comparisons

Let me review more specifically some unclas-
sified highlights of where we actually stand in
comparison with the space program of the So-
viet Union. I want to stress at the outset that
comparisons are tricky, and even the same facts
are open to multiple interpretations.

First as to general statistics: As of April 24,
the United States had orbited 203 payloads, and
the Soviet Union 65 since 1957. But weight
comparisons are quite different. They have put
up about three times as much net payload as we
have. What is more discouraging, every year
for the last 5 years, the lead of the Soviet Union
in that year has grown larger than it was for
the year before.

From this comparison, some people make
slighting remarks about the Russians throwing
up cast iron, and their absence of sophisticated
instruments—particularly inappropriate after
our own recent orbital ventures with Florida
sand. Others claim the Soviet program is nar-
row-based and will in the end do much less than
our own. An accurate appraisal on all points
would take a good deal of time. My best assess-
ment is that the Soviet program has close to
the same variety of goals as our own, including
undertaking very complex missions. Let uslook
at just the main outlines.

Scientific Exploration in Earth Orbit

As far back as 1958, the Russians put up
Sputnik ITT weighing 2926 pounds exclusive of
the carrier rocket. It did have rugged vacuum
tubes in it, but it also had thousands of tran-
sistors. Its weight and range of experiments
put it into what we would call the OGO (orbit-
ing geophysical observatory) class which 6 years
later we are still waiting to launch. Further,
Sputnik ITT operated reliably for 2 years until
it burned on reentry.

The Soviet Union is clearly interested in more
than spectaculars. In the Earth orbital regime,
it has put up 28 Kosmos class scientific and
engineering-test satellites with a minimum of
fanfare, and these have included a range of ex-



46 NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

periments. Some of these spacecraft are non-
recoverable and may be modest in size. Others
appear to be very heavy satellites in the 10 000-
pound class, perhaps unmanned Vostoks. Addi-
tionally, the pair of Elektron satellites are pro-
viding synoptic measurements of the radiation
belts out to 40 000 miles.

Space Applications

When it comes to practical applications of
unmanned satellites, the United States has the
lead in demonstrated accomplishments. These
I have already described briefly. But similar
flight operations are not beyond Soviet capa-
bilities. They have made an agreement with
NASA to exchange weather pictures taken by
satellite as part of a coordinated program.
Surely they must feel some confidence that we
will not make them look foolish. In addition to
their recent interest in exploring point-to-point
satellite communications with us, they have
shown a stronger interest than we in direct
broadcast of television from space to individual
receivers all over the world. This is not neces-
sarily remote.

Lunar and Planetary Probes

If they plan to send men to the Moon and
planets, they would want to send unmanned
probes first. In absolute number of launchings
the Soviet Union has made a larger commit-
ment to such flights than we have. As a per-
centage of total flight effort, their commitment
for that purpose is running about fivefold our
own. And they use larger vehicles by far. Take
a part of the comparative planetary effort for
example. Of our two launch attempts to date,
the 447-pound Mariner II carried about 40
pounds of instruments near Venus and returned
some data. We are rightfully proud of this ac-
complishment. The Soviet pattern has been to
orbit 14 300-pound platforms from which a
probe weighing up to 2000 pounds exclusive of
the rocket casing can be launched on the inter-
planetary trajectory. Between 1960 and 1962,
ten such launchings were made. Typically, the
comparison is a difficult one to make. We met
with a great success in Mariner II. Not one of
the Soviet craft attained its full objective. In

the case of Mars I, there would have been high-
definition pictures of Mars. But before Mars I
failed, it remained operating for a longer pe-
riod of time than Mariner 11, and returned data
from a greater distance. We have no probes
scheduled for this decade to match what the
U.S.S.R. has been firing with such determina-
tion. When they overcome their equipment
failures, we could be in for some important
shocks. We are still waiting to see whether the
recent Zond I contains just such triumphs be-
fore its working flight is over.

‘While neither country should be overly proud
of its lunar probe record, the pictures taken by
Lunik IIT back in 1959 are still a high-water
mark.

Manned Space Flight

Of particular interest are comparisons of
manned space flight. Through the 1963 season
each country had made six manned launchings,
and neither side had killed an astronaut or
cosmonaut. Stories to the contrary are fabrica-
tions.

We are proud of our Mercury record which
met all its objectives and more. The 3000-pound
capsule was limited to that orbital weight by the
capacity of the Atlas launch vehicle. Although
carrying a number of redundant systems, Mer-
cury took an experienced test pilot to fly it, and
partial failures on several flights justified the
use of such trained men. They lay in cramped
quarters, breathing a rarified atmosphere of
pure oxygen, not unlike what is intended in
Gemini and Apollo. They communicated by
line of sight with one ground station after an-
other strung out around the world.

With the advantage of a larger launch
vehicle, the Soviet Vostok craft weighed 10400
pounds, or three-and-a-half times as much as
Mercury, and had an external measure of ten
times the volume. The cosmonaut breathed air
of normal mixed constituents at sea-level pres-
sure. Where our Mercury was aimed at a
nominal three orbits, and then was stretched to
a day and a half by stripping it of some re-
dundancy, the Vostok from the outset carried
air, water, food, and batteries for 10 days of
flight. Live television returned pictures of two
different degrees of definition. There was a
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large flow of continuous real-time biological
data from advanced sensors.

Human Safety

Some people make the charge that Soviet
early successes in space came from a greater
risking of human life. There is nothing in-
vidious in the comparisons I am about to draw,
but I do think we should be careful in making
such charges. Before Astronaut Glenn’s flight,
we had gained three orbits of experience, in-
cluding two with Enos. The Russians sent up,
without recovery, Laika, 4 years before Gagarin.
The Vostok ship itself completed 100 orbits of
fully controlled flight, including successful re-
covery of four dogs, before the first man was
sent. Flight length improved, and we had the
spectacular near-rendezvous of Vostok ITT and
IV. By Vostok VI, confidence in the system
and its many redundancies had grown to the
point where it was entrusted to a woman factory
worker, whose orbital flight time exceeded the
total Mercury experience, manned and un-
manned. By now, the cumulative record of con-
trolled orbits by the Vostok class, including
those unmanned under the Kosmos label, has
risen to in excess of 1600, as contrasted with
the 37 orbits of total Mercury experience. Of
course with Gemini and Apollo we expect in the
future to do much more than the Russians have
demonstrated so far.

Future Manned Missions

We have every expectation of a fairly early
rendezvous and docking experiment by the Rus-
sians. We do not know positively what their
future plans are. Certainly with two or three
rendezvous, they have the orbital weight
capacity to send a manned probe around the
Moon and back. They have talked frequently
and positively about manned flight to the
planets and to the Moon. Khrushchev was very
indignant when the American press headlined
that the U.S.S.R. had withdrawn from plans
to fly to the Moon. He said he had merely
denied there was a race, and that he wished us
well.

To the best of our knowledge, the Russians
have not yet demonstrated a launch system
capable of convenient manned flight to the Moon

for a landing and return. But then, if we chose
to practice Soviet-style security around our
launch sites and factories, there would be no
hard evidence available to foreigners that the
United States is building a lunar capability
either.

Because we are not permitted to inspect their
facilities, we have to do our best by inference
to judge the truth of their repeated statements
that they intend to be first in ambitious manned
flights. We know they are producing a flood of
lunar and planetary studies, including atlases
of the Moon and Mars. We know that they
have made a massive commitment of launch
craft to escape missions, including multiple
shots at Mars and Venus at every launch win-
dow since 1960. They have given us signs with
the twin Vostoks and with the Polets that they
are working on rendezvous in orbit. With the
successes they have met from the space pro-
gram, I find it hard to believe they have been
content for a decade to use an existing rocket
engine without doing follow-on work with big-
ger and better engines to come. I suppose the
recently announced Soviet work with helium as
the inert gas in test space-cabin atmospheres
would be consistent with plans for a man to
leave a normal-pressure cabin to work outside
a ship in assembly of orbiting units into a larger
station or ship. He could move more promptly
from a normal-pressure cabin to a low-pressure
suit of sufficient flexibility to permit some free-
dom of movement while working in the vacuum
of space. With all this circumstantial evidence
I feel it is entirely possible and even probable
that they are planning officially to make long-
duration and distant manned flights. Based on
other evidence, T am not impressed with the
argument that their national economy cannot
afford such an investment. They have gained
toomuch not to afford it.

American Capabilities

I am enthused, therefore, about this meeting
to consider the long-leadtime development of
the knowledge and the technology required to
support American flight to the planets. I feel
we have the knowledge, the manpower, the re-
sources, and the facilities, to mount the finest
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space program in the world. I feel it is worth
undertaking on its own merits. I am also
aware that we are in a race with a competent
and tough-minded competitor. We must rec-
ognize the nature of this race and organize to
meet it, not by year-to-year reactions, but with
sound, consistent planning.

THE HOPEFUL LONG VIEW OF SPACE

In support of this kind of thinking, I want to
sketch very briefly some of the ideas our staff
has been considering. Our thinking on these
matters is far more thorough than this brief
outline can imply. Taken together, they are an
important clue to our general optimism about
the future of space travel, and they represent
the final part of the trilogy I have been con-
structing. The other two parts were, first, that
even the existing program is worth doing on its
merits, and, second, that our competitive posi-
tion in the world demands we make a real effort
at space achievements,

A Management Philosophy

Our thinking about the future builds upon the
base of some general attitudes toward manage-
ment and policy for space. Here are some of
these points:

It is essential that there be identification of
long-run goals so that there can both be a direc-
tional pattern to our present work and proper
attention to the future. We want to see ade-
quate support for long-leadtime work which is
not very expensive now, but is essential to keep-
ing open our options as to future directions.
We do not believe it is possible to construct
today a rigid plan to meet all future needs, be-
cause experience has shown how wrong many
detailed expectations turn out to be. Our con-
cern with the future clearly is shared by the
several operating space agencies, for they have
made a considerable investment in a variety of
exploratory studies on advanced systems, as well
as supporting advanced research on components
not required by approved systems already under
development.

We are also interested in seeing some con-
tinuity in budget levels. This is quite different

from supporting spending for spending’s sake.
It means that we believe some effort should be -
made to keep those research and development
teams which have been successful fairly steadily
employed, or they cannot be held together and
stay effective. At the national level, we do not
want to see, after major programs peak, a deep
slump before new starts are authorized, as too
much momentum can be lost in national
progress.
NASA Goals

A current illustration is that thought must
be given today to the work which will follow
Apollo, even though our hands are full with in-
forming the public why Apollo’s orderly and
timely pursuit is as important now as it was in
1961. But setting the priorities on the next
projects is not easy, and will require much
study and review before the Nation can decide
the proper place and order of ambitious Earth-
orbital stations, lunar bases and exploration, or
manned interplanetary flight.

" Department of Defense Goals

Advanced military planning faces some sim-
ilar difficulties, and an interim solution has been
to buy time and experience with building blocks
like Titan IIT and experiments like Gemini
B-MOL. Where is the real military future in
space? Popular attention focuses on the first
600 miles above the surface of the Earth. Cer-
tain current missions are most easily performed
there. But spacecraft in such close-in orbits,
whether manned or unmanned, may well be
most vulnerable to neutralization if cold war
should turn hot.

Of course we hope for continued meaningful
progress toward mutual disarmament which
genuinely supports national interests. If this
should fail, even though there is no conscious
plan to do so now, one can envision that new
military missions will be found, related to space
technology. And it may be that military ve-
hicles in deep space with greater freedom from
detection and greater room for maneuver will
turn out to be most significant to defense. We
do not want to hang a military label on Apollo
and the Moon, for this would be a gross injus-
tice to our motivation and true purposes. Even
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so, the work of building a general competence
to go to the Moon may in the long run turn
out to have more to do with our long-range de-
fense than any other group of space projects.
Personally, I find it easier to visualize a long-
run military future in space built around
manned vehicles rather than unmanned vehi-
cles. Under a treaty of disarmament, I can
picture manned craft used for inspection and
surveillance, displaying greater versatility and
selectivity in data-gathering than a purely auto-
matic system. In a time of cold war, I can see
manned craft as less provocative and less sub-
ject to interference by a space rival. We would
like an end to cold war. But even more so, no
one in his right mind wants a hot war, espe-
cially of the general war category which could
reverse human progress. But in protecting our-
selves from what has been called “the unthink-
able”, I view future manned ships, particularly
effective in deep space, as more likely to out-
'smart and outplay purely automatic systems.

With these background observations, let me
turn more specifically to identification of some
of our positive ideas about the future.

Space Stations and Integrated Planning

We would like to see a close tie between work
on Earth-orbiting manned space stations and
our future plans for the Moon and planets. If
manned reconnaissance of the Moon becomes
desirable, we might save one whole cycle of
development costs if every effort were made
to build compatibility between Apollo hard-
ware and space-station hardware. In other
words, if the Earth-orbital station could be
substituted for a LEM vehicle on a particular
flight to provide a shirt-sleeve environment of
longer stay time around the Moon, this could
be very helpful to a number of lunar missions.
Also, if we plan manned interplanetary flight
in the 1970’s, rather than the 1990’s, it would
be sound if an Earth-orbital station of the
period immediately ahead represented a full-
scale realistic checkout of an interplanetary
ship. Again, this might represent a major dol-
lar saving in development, and, possibly more
important, a time saving as well. With such a

ship, testing out, among other things, the prod-
ucts of the work undertaken by groups of re-
searchers in the biosciences, how much more
ready we would be for the real trek to the
planets.

Heliocentric Orientation

Our staff has noted that most thought about
space continues to be geocentric in its orienta-
tion, which is not strange in an orderly evolu-
tion. But already it would be helpful if more
thinking were heliocentric. This has implica-
tions which are much more far-reaching than it
may seem at first glance. In the first place, it
is a reminder that our solar system has many
exploratory targets of opportunity. In the sec-
ond place, we should realize that the burden
of overcoming gravity in a climb out from
Earth distorts our thinking about gravity
throughout the solar system. Flights from an
orbital base, and particularly from the Moon,
are not particularly demanding in energy re-
quirements. And for many classes of maneuv-
ers, gravity can assist as much as it hinders.
Thus a flight out of the plane of the ecliptic
which seems very costly in energy as viewed
from Earth turns out to take a fairly modest
increment of energy if one starts at the Moon,
and then makes a pass around Jupiter, let us
say, approaching it to make a polar orbit pass.
There are limitless other tricks of using gravity
to conserve total energy requirements.

The Moon as a Base

I have already hinted that quite aside from
what else we may learn by going to the Moon,
if we locate useful chemical resources there
which can turn it into a refueling base, a Moon
investment may turn out to be extremely re-
warding. It may prove cheaper to replenish
from the Moon even ships which operate in
Earth orbit than to lift certain supplies from
the surface of the Earth. And fairly ordinary
chemically powered space transports operating
from the Moon to the near planets can show
payload fractions and speed performances far
superior to anything now under development
which must operate from Earth.
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Looking Backward

There is a tendency in human affairs to overdo
our perfection of techniques whose main useful-
ness is past. 'Thus some military men have been
accused of working to win the last war rather
than the next. And some rocket engineers are
looking more to scaling up Saturn V rockets
into even more costly conventional systems than
to pressing harder on the state of the art.

Cutting Costs of Early Interplanetary
Flight

Indeed, some people, who accept the $20 bil-
lion price tag for Project A pollo without asking
whether that represents the true marginal cost
of going to the Moon over and above what we
should be doing anyway to build a general space
competence, jJump to a very hasty conclusion in
trying to judge what a first expedition to Mars
will cost. They say if Apollo is $20 billion,
going to Mars will be $100 billion. Then any
realistic individual mentally relates probable
budget ceilings for space to such a cost. He
knows that even if a Mars expedition were to
take most of the NASA money, at $5 billion a
year, it would take, at constant prices, about 20
years of funding to make the Mars trip. This
would put it after Apollo somewhere around
1989. With this yardstick, we are likely to find
disappearing any sense of urgency in pursuing
the kind of studies which many groups are un-
dertaking. Why worry now about money to
fund fully self-sustaining long-term life-sup-
port systems not needed before about the 1990’s ¢

But need we launch into a whole new round
of facilities construction and engine and ve-
hicle design of conventional nature before we
think about the planets? Suppose that ren-
dezvous goes well in the work already started.
Suppose that fairly early in Earth-orbital sta-
tions we test out a manned interplanetary ship.
Suppose that careful planning shows that four
or five Saturn V payloads assembled in Earth
orbit would give us sufficient weight capacity
to mount a Mars expedition? TUnder these
quite different assumptions, which would use
existing hard ware, there are estimates that add-
ing Mars to our capability would come to $5
billion, or at most $10 billion. Such a judg-

ment would extensively revise our priorities and
sense of urgency about supporting certain ele-
ments of our future capability.

Extending Vehicle Performance

If we did have to stretch a little bit the lift
capacity of existing launch vehicles, we have
several interesting approaches to examine.
One approach would be strap-on solid rockets
to get the first stage started with a bigger load
on it. Another would be an upgrading of the
energy potential of the fuel such as changing to
flox. A third would be to consider air aug-
mentation of the first stage for the added spe-
cific impulse which could be gained.

A High Velocity Probe

Before men do much traveling to the planets,
it would be extremely useful to have a launch
vehicle which was able to reach most of the
solar system and which gave us greater flexi-
bility in opening the launch windows to those
planets which now become opportunities only
occasionally, such as Venus every 19 months and
Mars every 26 months. We are looking with
much interest at the capabilities of a cleverly
designed chemically fueled rocket using high-
energy propellants to give it a total velocity
increment of 60000 feet per second, exclusive
of the payload. We can foresee an assemblage
roughly the size of Titan II able to put 2000
pounds of payload almost anywhere in the solar

~ system. And if such a system were well de-

signed, it could look forward to an extended
period of usefulness. Suppose an average of
one 2 month could be launched to some target
within the solar system. In the course of a dec-
ade of use, many of the fundamental parameters
of the environments of the bodies of the solar
system could be defined. We do not preclude
use of Saturn V launched unmanned payloads
for certain missions to the Moon or planets, but
we would regret the fiscal limitation to future
exploration if most advanced missions could
only be conducted with a launch vehicle in that
weight and cost class.

Judging Base Requirements

As we try to judge what cargo weights would
be required to support a base on the Moon, we
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may find a partial clue in the tonnages shipped
to Antarctica each season. The United States
sends about 50 000 tons a year. Those who think
that we would be satisfied with what could be
learned from a few handfuls of lunar surface
material might find instructive the Antarctica
parallel. Obviously most of that continent is
ice-covered to a great depth and is beyond easy
geological rock study. But where there are rock
outcroppings, each three-man team of geologists
sent out on independent searches typically col-
lects about 3000 pounds of rocks a month before
they are resupplied or returned to the main
base. If any tonnages like the Antarctic ones
are reasonable, the costs of thorough lunar ex-
ploration seem beyond possibility. What are
the implications? First,like Antarctica, it may
be important to plan a major role for construc-
tion and maintenance men in any roster of expe-
dition personnel. Right now we are making
the point that test pilots should be accompanied
by scientists. Next, we will have to insist that
scientists be outnumbered by skilled workmen
once bases are planned. Second, it is very im-
portant that at the earliest opportunity a lunar
base be as independent of Earth supplies as
possible. Probably a nuclear power plant will
prove essential, even though solar power will
be useful, too. We hope that exploration will
reveal sources of ice beneath the surface. And
if the fragmentary evidence of volcanic ac-
tivity is borne out, we may even find gas, free
heat, and underground water. But even with
this kind of planning, how can we seriously con-
sider large-scale lunar exploration? This ques-
tion is asked in the light of costs of many thou-
sands of dollars a pound for lifting a payload
from the surface of the Earth to landing it on
the Moon. Perhaps we are back to one of those
fundamental facts that prompt some men to
see an early limit to space flight.

Paths to Trimming Space Flight Costs

It is true that if one takes the total expendi-
tures for space made to date and relates this
figure to the pouds orbited, the cost is fright-
eningly high. Bnt we also confidently expect
the operational marginal cost of orbiting pay-
load with the Saturn V class of vehicle to come

down to $300 a pound or less. This is several
orders of magnitude less than we typically have
paid up until now. It still greatly limits what
we could afford to send to the Moon.

Of course, there are hopes of trimming these
costs a little bit by reusing vehicles. With re-
covery and refurbishment of some stages, costs
might come down to one-half. They probably
would not come down much more because re-
covery of big stages of light construction may
fall well below 100 percent, and refurbishment
costs may be high.

There are proposals for vehicles with wings,
airbreathing engines, and the like as an ap-
proach to a recoverable system. Some of these
approaches suggest orbital payload costs all the
way down to perhaps $30 a pound. But too
often the adding of wings, landing gear, and re-
dundancy eats up the intended payload capacity.
It is probably too early to write off schemes for
refueling in the upper atmosphere or use of
fancy air scoops, compressors, and oxygen ex-
tractors. The problems look formidable.

Basic Costs of an Advanced Chemical System

What are we throwing away fundamentally
with a well-designed space launch system ?
Using modern design and hydrogen and oxygen
as the propellant, we can envision a ship with
roughly 88 percent of the takeoff weight as fuel,
and the rest of the weight divided about equally
between structure and payload. If the propel-
lants cost 10 cents a pound, and if the payload
weighs about a fifteenth of the fuel weight, the
actual fuel cost consumed in climbing to orbit
would be only a dollar and a half per pound of
payload. My arithmetic is approximate, but if
we further estimate that structure is about equal
to payload, then the structure thrown away is
about the equal in pounds of payload orbited.
Structure of a modern jet aircraft, a more com-
plicated mechanism than most rockets, costs
about $30 a pound. This means even in the
absence of a recovery system, the total vehicle
and fuel cost of orbiting material could be not
much above $30 a pound, about an order of
magnitude lower than what we expect of the
Saturn V. Obviously our present methods in-
clude many other operating costs, such as those
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of checkout and launch and tracking operations.
Whatever we do with our present technology,
we seem currently to be stuck with what could
be termed an ammunition philosophy. This is
normal, considering the route by which we have
moved to space flight, that is, its growth out of
the missile industry.

A Transport Philosophy

What we would like to do is find a path to a
transportation philosophy of design, one where
we build and operate ships which are used so
many hundreds of times that the overhead cost
of capital investment in ships is miniscule per
flight. We would still be stuck with the $1.50
part of the cost which is fuel, but we could get
rid of most of the $30 which is structure. This
is already the situation in air transportation,
for example. But it is also obvious that much
will have to be done about all the other costs of
operation which bulk even larger than the fun-
damental vehicle and fuel costs. A complex
modern jetliner does not have a countdown
which involves hundreds of people, and a great
tracking system to care for only a few flights
per month. Three or four men get in the plane,
throw some switches, and after a few minutes
have permission to take off. They do not re-
turn by falling in an ocean area guarded by a
recovery task force of 20000 men. They use
ILS (instrument landing system) or GCA
(ground controlled approach) to come back to a
prepared runway.

So clearly what the space business needs is a
new systems technology of propulsion and ve-
hicle design which operates in a more traditional
transportation fashion. Incidentally, as we
look at fundamentals, the gravity and resistance
load to be overcome in flying to the Moon is less
than that for an airplane flying from New York
to Los Angeles, fighting gravity and air resist-
ance all the way. The difference is just that we
do not yet have an efficient way of applying the
required power.,

Comparisons of Propellant Economy
Fortunately, the outlook is not as bleak as it
may seem. Many of today’s solid-fueled rock-
ets have a specific impulse (/.,;) of around

250 seconds. Ordinary liquid fuels are a little
more energetic, and typical 7, attained is
around 300 seconds. Our high-energy upper
stages of Centaur and Saturn, and tests using
fluorine which is better yet, bring us close to an
effective limit of around 450 seconds in a vacuum
environment. Only so much heat and expansion
through a nozzle can be obtained by chemical
processes.

This apparent limit explains the interest in
nuclear propulsion. A graphite-core heat-
exchanger rocket can extract a small part of
the energy output of a nuclear reactor to push
the impulse up to about 800 seconds. The only
reason we cannot go further is the heat limit to
maintaining structural integrity in the core and
reactor vessel. Above a very few thousand de-
grees, the whole core assembly would melt down
and spew out the nozzle.

When we look at the history of flight, you
will recall that we did not painfully work our
way up one Mach number at a time from famil-
iar aireraft to ICBM’s and beyond. In fact,
we do not yet have an operational commercial
supersonic transport, but we have jumped to
Mach-25 ICBM’s. Likewise, as we search for
ever-higher /,, systems, we may not just work
up gradually from the kinds of nuclear rockets
which are currently under development. That
work is worth continuing, but we also want to
devote enough of our advanced research to de-
termine whether we can make in effect a quan-
tum jump in the next decade or two rather than
only in the indeterminate future.

The Gaseous-Core Nuclear Reactor

As a matter of fact we know pretty well what
we are looking for, and we almost know how we
are going to get it—perhaps not quite, but not
far from it, either. One promising avenue is
likely to be the gaseous-core fission reactor as
the probable next step. If the core of uranium
or plutonium were intended to be in a gaseous
state, we would be much less temperature-
limited in extracting some larger fraction of
the potential energy of the reaction. Paramet-
ric studies now begin to picture the total vehicle
system toward which we are aiming. It might
be about the size of a Boeing 707 or DC-8. In
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its simplest version, it would produce 2500 sec-
onds of impulse. By running it still hotter,
beyond the capacity of the propellant to unload
its heat, it would require a radiator system, and
the impulse could rise to 10000 seconds.

These figures are not especially astonishing to
those who are familiar with the design possibil-
ities of various electrical rockets, some of which
may produce impulses as high as 100000 sec-
onds. But there is a difference. The gaseous
engine assembly is expected to have a thrust-to-
weight ratio of 20 to 1, while many electrical
rocket systems have such a weight of power-
conversion equipment that thrust-to-weight is a
very small fraction, and acceleration is so low
that it takes a period of many days to attain
high speeds and the system is used only after
the ship has been boosted to orbit chemically.

The gaseous-core ship with its high specific
impulse and good thrust-to-weight ratio im-
plies the possibility of designing a single-stage
reusable ship with all the redundancy and flexi-
bility of a transportation craft on Earth.

Chemical Versus Advanced Nuclear
Capabilities

I suggested that Saturn V will be able to lift
cargo to orbit at a price of about $300 a pound.
It will land cargo on the Moon for about $5000
a pound. By contrast, the gaseous-core ship in
the parametric studies will deliver cargo to the
surface of the Moon at under a dollar a pound.
Such a ship on a near run to the Moon would
carry as much there in a year as 300 Saturn V’s.
Ten such ships would carry the 50000 tons
equivalent that Antarctica requires. A budget
smaller than NASA now employs would sup-
port similar tonnages to several places in the
solar system. Flight windows would open wide,
and flight times to the near planets would come
down to a few days, while those to the outer
planets would drop from many years to a few
months.

This is not the occasion for detailing the sue-
cesses already attained in developing such a
power plant or the problems still to be faced.
The system may never work, but the promise is
very great. With the general acceleration of
technical progress in this generation, I have

great expectations that those systems which are
compatible with known physical laws can be
developed. Whether the system I have de-
scribed, or a variant of the nuclear pulse rocket,
or a fusion power plant will turn out to be the
right one, we do not now know.

Maintaining Present Efforts

Nor should we abandon our work on better
chemical rockets for the sake of a superb nuclear
system which is not yet here. But neither
should we turn our backs on adequate support
of promising systems which could have such a
tremendous advantage. Meanwhile our pres-
ent-generation systems under development will
teach us much we need to know about space and
pave the way for those that are to follow.

CONCLUDING REMARKS

Space travel supported by an adequate trans-
portation system would completely revolution-
ize and outdate past thinking about the role of
space in human affairs. Colonization, resource
exploitation, and defense considerations would
be entirely different.

Also, clearly some of the most advanced
thinking on space nutrition would move from
an abstract exercise to a matter of urgent prac-
tical concern. I repeat my opening conviction.
Space travel is here to stay. I believe America
can be the principal space-faring nation.

Recalling my opening statements about those
who are negative about space either because they
are bearish on our technical capabilities for the
future or because they do not have all the facts,
I think we have a basis for reappraising some
of our thoughts on space. There is serious at-
tention coming to advanced propulsion and ve-
hicle design. Right now, your thinking in the
area of nutrition for long-duration manned mis-
sions is ahead of the main body of technical con-
cern for space. I almost feel called upon to
leave a word of warning to those who fund this
work. Let us make sure that limits to our un-
derstanding of life support systems do not be-
come the pacing elements to man’s advance into
our future in space.
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In this session an attempt will be made to
cover the state of the art within the NASA
programs. 1here will be a brief résumé of
what has happened in food storage and han-
dling of food, the stresses that go into the deter-
minations of the food requirements of the Gem-
i and Apollo Programs, the handling of the
storage of food for the next generation of sys-

tems, and the waste management for the newt
generation. Generally, these discussions are
confined to hardware-developed concepts to
date—awhat is engineered and what can be con-
sidered as basically the state of the art within
engineering concepts today.
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Preparation, Handling, and
Storage of Foods for
Present Space Projects
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be 14 days long. In fact, ﬂe6 m5ajorit£ <§ §e7 4

Gemini flights will be of 2 to 7 days duration."
The atmosphere for both programs will be sim-
ilar as will the water source and the type of
food. Main differences in the programs from a
space feeding aspect are in free volume avail-
able, pressure suit utilization, and in drinking
water temperature.

Movement in Gemini will be restricted to the
crewman turning in his seat. Both astronauts
will have pressure suits on continually during
all Gemini flights. There is, however, provision
for removing the helmet and gloves, if desired.
There is no provision in Gemini for either heat-
ing or cooling of the drinking water which will
be maintained at cabin temperature (80° to
100° F). In Project Apollo the crewmen will
have more area to move around in and for the
most part will be in a shirt-sleeve environment.
There are plans that one of the three crewmen
will be in a pressure suit at all times.

In the United States space flights, to date,
the food and nutrition aspects have not been of
major concern because of the short duration of
the missions. Eating during these flights, in
most cases, was accomplished in order to cbtain
gross information as to the effect of stresses such
as weightlessness on the chewing and swallow-
ing of food and to ascertain the types of feed-
ing concepts which would be applicable to
longer duration space flight. Table I summar-
izes the types and varieties of foods eaten dur-
ing the completed NASA manned space
missions.

Proceeding from Project Mercury, Crew Sys-
tems Division is now in the process of develop-
ing a space feeding concept for the Gemini and
Apollo projects. Table IT makes a comparison
between these programs. As can be seen, the
maximum mission durations are similar al-
though this does not mean to imply that each
space flight associated with these programs will

TaBLE I.—Food Eaten—Mercury Spacecraft Flights

’ Flight Date Astronaut Duration Food eaten
MR-3 (Suborbital) .| May 5, 1961__{ Shepard______ 15 min, 22 sec___.____ No food aboard.
MR-4 (Suborbital)_| July 21, 1961 _| Grissom_.__._ 15 min, 37 sec_______ No food aboard.
MA-6 (Orbital)_.___| Feb. 20, 1962_| Glenn._______ 5 hr, 5 min, 10 sec_ __| Pureed applesauce, tubed.
MA-7 (Orbital)____; May 24, 1962_| Carpenter____| 4 hr, 55 min, 36 sec__| Cubes, high calorie blend.
MA-8 (Orbital) ____{ Oct. 3, 1962___{ Schirra_____.__ 9 br, 23 min, 6 sec___| Pureed peaches, beef, and
vegetables, tubed.
MA-9 (Orbital) . ___| May 15 and Cooper._..___ 34bhr, 31 min_______ Rehydratable foods; bite
16, 1963. size ready-to-eat foods.

762318 0—65——75
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TasLe [I.—Comparison of Gemini and Apollo

Missions
GEMINI APOLLO
Crew.______._._ 2 3
Mission 14 days 14 days
duration
Atmosphere. _ . _| 5 psi, 1009, 5 psi, 1009,
02 02
Environment_ _ .| Pressure Shirt sleeve
suit
Free volume____{ 40 ft3/man 70 ft3/man
Water_________ Fuel cell Fuel cell
Water 80° to 50° and
temperature 100° F 155° F
Food.____..___ Freeze-de- Freeze-de-
hydrated hydrated

The prime design requirements for all space-
craft systems are as follow:

Minimum weight and volume

Minimum power usage

Reliability

Ease in maintenance

Environmental compatibility

Integration with other systems

Crew compatability
These requirements have been important con-
siderations in the development of the feeding
concept for both the Gemini and Apollo mis-
sions. In addition to these prime design re-
quirements, consideration had to be given to
the qualification specifications to which the
feeding concept would be subjected. Some of
the conditions for qualifying the food and food
packaging are given in Table ITI.

For purposes of clarity, this presentation will
be divided into two areas: Food and Nutri-
tional Design Concepts, and Food Handling
and Storage Design Concepts.

FOOD AND NUTRITIONAL DESIGN
CONCEPTS

Menus made up of precooked, freeze-dehy-
drated foods supplemented by bite-size high-
energy food pieces are being designed for use in
both Gemini and Apollo missions. Reasons for
selecting this food concept are as follows:

TasLE IIl.—Food and Food Packaging

Environmental testing requirements

Temperature____| +20° F; +135° F.
Pressure___._____ 19.7 psia (70° F); 1X10-8
psia (110° F).

Relative 98 percent in air at 14.7 psia,
humidity. 100° F.
Atmosphere.____ 1009, oxygen.
Acoustic noise_._| Overall of 135 db, 37.5 to
4800 cps.
Acceleration Longitudinal spacecraft axis:
(launch). 1 g to 7.25 g linearly with

time over 326 seconds.

(a) Water will be produced in-flight as a by-
product of the fuel cell operation.

(b) Freeze-dried foods have a high degree of
acceptance and will allow for rapid reconstitu-
tion prior to use.

(¢) Freeze-drying offers an excellent method
for food preservation not requiring refrigera-
tion.

In designing these menus, consideration has
been given to maintaining a low-residue diet
which is highly acceptable and which meets all
the nutritional requirements specified by the
NAS-NRC Food and Nutrition Board with
respect to protein, fat, and carbohydrate dis-
tribution as well as mineral and vitamin allow-
ances. Present estimate of caloric requirements
for planned missions is 2500 kecal per man per
day for Gemini and 2800 kecal per man per day
for Apollo.

It is extremely difficult, if not impossible, to
know exactly what the caloric demands of the
astronauts during extended space flight will be.
However, it is felt that, based on numerous
simulator tests which have been conducted, the
present design is realistic. The exact nutri-
tional requirements for space flight cannot be
definitized until nutritional balances are per-
formed during actual space flight conditions.

Table IV (a) to (d) gives a typical 4-day-
cycle menu which will be utilized in the Gemini
program. As can be seen, plans are for the
crewmen to eat four times a day. This lends
itself to the planned work-rest cycle in that the
period of time to prepare and eat any one meal
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is shortened. It is anticipated that, basically,
the Gemini and Apollo menus will be similar.
The main difference between the two is a result
of the fact that unlike Gemini where water tem-
peratures will be maintained between 80° to
100° F, Apollo will have provision for both hot
(155° F), the boiling temperature of water at
5 psia, and cold (50° F') water. This results in
a menu of much greater variety and with more
rapid reconstitution times than can be designed

for Gemini. In addition, careful screening of
drinks which have a high acceptance at the
rather warm water temperatures anticipated in
Gemini had to be accomplished.

In the development of the freeze-dehydrated
sandwiches and the other bite-size pieces par-
ticular effort has gone into the development of
an edible coating which will afford protection
against crumbling. This approach has con-
sidered materials such as “methocel” which has

TABLE IV.—Proposed Project Gemini Menu

(a) Days 1-5-9-13

(¢) Days 3-7-11

Meal A

Meal B

Meal A

Meal B

Sugar frosted flakes
Sausage patties

Toast squares
Orange-grapefruit juice

Tuna salad
Cheese sandwiches
Apricot pudding
Grape juice

Meal C

Meal D

All star cereal
Bacon and egg bits
Toasted bread cubes
Orange juice

Beef and gravy

Green beans in cream
sauce

Toasted bread cubes

Banana cubes

Tea

Beef pot roast

Carrots in-cream sauce
Toasted bread cubes
Pineapple cubes

Tea

Potato soup
Chicken bits
Toast squares
Applesauce
Brownies
Grapefruit juice

Meal C

Meal D

(b) Days 2-6-10-14

Pea soup

Salmon salad
Potato chip cubes
Fruit cocktail
Grape juice

Pineapple juice
Chicken sandwiches
Beef sandwiches
Chocolate pudding
Pound cake cubes

(d) Days

4-8-12

Meal A

Meal B

Meal A

Meal B

Strawberry cereal cubes

Bacon squares
Peanut butter sand-

Corn chowder
Beef sandwiches
Potato salad

Apricot cereal cubes
Ham and applesauce
Cinnamon toast

Beef bits
Potato salad
Fruit cake (pine-

wiches Gingerbread cubes Cocoa apple)
Orange juice Cocoa Grape juice
Meal C Meal D Meal C Meal D

Shrimp cocktail
Chicken and vegetables
Toast squares
Butterscotch pudding
Apple juice

Beef with vegetables

Spaghetti and meat
sauce

Toast squares

Fruit cake (date)

Tea

Orange-pineapple juice

Chicken salad

Peanut butter sand-
wiches

Peaches

Mushroom soup
Chicken and gravy
Toast squares
Banana pudding
Apricot bits

Tea
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no nutritive value, as well as coatings which
would offer some energy. The second approach
appears more appealing in that it offers a
method of increasing the caloric density of the
pieces and, in addition, does not increase the res-
idue of the diet. Research and development
_efforts in this area to date, however, have not
produced a completely satisfactory edible
coating.

FOOD HANDLING AND STORAGE DESIGN
CONCEPTS

The concepts being developed for food han-
dling and storage design consist of the freeze-
dehydrated food items packaged individually in
a zero-g feeder, and bite-size items packaged in
dispensers. These, in turn, are overwrapped in
either man-day packages or man-meal packages
depending on the available storage volume and
mission duration. All the food packages will
be stored in metal containers which become the
waste storage containers as the food 1s utilized.
Water will be dispensed in the Gemini space-
craft by means of a pistol-type probe which in
addition to providing a method for rehydrating
food, will be utilized for drinking water
through the helmet during emergency pressur-
ization of the suit. There will be no provision
for the metering of water in the Gemini space-
craft; therefore, the crewmen must be thor-
oughly trained to rehydrate their food by visual
inspection. In the Apollo spacecraft there will
be water metering devices on both the hot- and
cold-water supply taps. In addition, a water
probe similar to that provided in Gemini will be
utilized for drinking water both normally and
during an emergency.

In the design of the food feeder, one of the
most important areas of consideration was that
of a suitable packaging material. The design
properties of a suitable material are as follow:

Whater vapor barrier

Oxygen barrier

Minimum bulk and weight

Puncture resistant

Heat sealable

Transparent

Flexible

FDA approval

Since the food utilized will be freeze-dried to a
moisture control of about 3 percent, the feeder
material must contribute to the protection of
this food by providing a barrier to water-vapor
transmission. So, too, the feeder material must
supply an effective gas transmission barrier in
the 100-percent-oxygen environment. Weight
saving can be accomplished by the development
of a strong lightweight puncture-resistant film.
The material must be easily heat sealable since
this is often the weakest area in the construction
of a pouch. The feeder pouch must be trans-
parent and flexible in order to aid the crewmen
in identifying, reconstituting, and eating the
dehydrated foods. Finally, in order to main-
tain the top quality and acceptability of the
food, the material must be completely free of
foreign odors; in addition, the material con-
tacting the food must have FDA approval.

Needless to say, no one material was found
which had all the desirable properties discussed.
As a result, the packaging material considered
acceptable for space flight is a four-ply lamina-
tion of films.

The design of the food feeder was predicated
on the requirement for eating in the zero-grav-
ity state. The important design considerations
resolved around a flexible container from which
foods can be squeezed directly into the mouth
without any loss of the contents (fig. 1). Such
a feeder must have provision for both the re-
hydration of the food as well as for eating.
Initial attempts to design an acceptable feeder
were tested by Astronaut Cooper during MA-9
spaceflight. The design consisted of a feeder
having a single tube for both rehydrating and
for eating (fig.2). The water dispenser utilized
consisted of a type previously used for drinking
water but modified with a cone-like fitting for
integration to the feeder. As has been reported,
Astronaut Cooper had difficulty rehydrating
food with this concept. Most of the difficulty
can be attributed to a low water delivery pres-
sure in conjunction with an inadvertent leak
evidenced in the body of the valve. Many im-
portant observations were made by Cooper
which have helped immensely in the redesign of
the feeder and water dispenser. ~Among the
most pertinent were:
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FIGURE 2.—Single tube concept.

(a) In the weightless condition the water
tended to remain around the neck of the feeder

(b) The water added tended to follow the
water dispenser when it was being removed
from the feeder

(c) If and when the water made contact with
the food it was quickly absorbed

(d) The water dispenser ideally should be
capable of being actuated with one hand

(e) The water dispenser should be designed
to preclude any water from getting into the
spacecraft atmosphere

Taking these observations under considera-
tion, a new food feeder was designed, which
has two separate openings, one for reconstitut-
ing and one for eating (fig. 3). The rehydra-

Ficure 4.—Pistol-type-probe water dispenser.

tion port was designed with a one-way flapper
valve and cover tab located on an area of the
feeder which will allow the water dispenser to
come in contact with the food when inserted
(fig. 4). Inaddition, a pistol-type-probe water
dispenser has been developed which seals off by
means of a O-ring at the tip of the probe. The
results of recent tests with the redesigned feed-
ing concept, conducted in zero-g flights at
Wright-Patterson Air Force Base were encour-
aging but not completely satisfactory. Slight
leakage of the feeder one-way flapper valve was
observed as was the tendency of the very thin
cover tab to become distorted during removal
which precluded its correct replacement after
addition of the water. Efforts are now being
expended to overcome these shortcomings by
slight alteration in the design of the feeder re-
hydration valve and cover tab. Another series
of zero-g tests will soon be conducted on this
approach.

The bite-size pieces which will be used in the
Gemini and Apollo programs will be stored in
flexible dispensers (fig. 5). Experiences from
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FIGUurRe 5.—Bite-size food in flexible dispensers.

past Mercury flights indicate that extreme care
has to be taken in order to avoid repetition of
the highly exaggerated, yet infamous, “crum-
bling cookie” episode. It appears that with the
development of a suitable edible coating and by
maintaining careful attention as to how these
pieces are handled from the time they are pack-
aged to the time of launch, that we should be
able to preclude crumbs from entering the space-
craft environment. Scissors will be utilized by
the crewmen to open both the food feeders and
bite-size-piece dispensers. This affords the
simplest and most reliable method of entry. It
is hoped that the prototype dispensers will also
soon be evaluated under zero-g conditions.
Before concluding this section on food han-
dling and storage, there are two other extremely
important design requirements which should be
mentioned. One is the requirement for a method
of precluding the individual food items in a
meal from floating around the spacecraft dur-
ing preparation and handling (fig. 6). The so-
lIution to this problem which was worked out
during previous Project Mercury space flights
was found to be the use of small tabs attached
to the food feeder which could be anchored to
its mating counterpart strategically located in
various areas of the spacecraft. Experience has
demonstrated that it requires very little surface

FicurRe 6.—Foods packaged to preclude escape
during handling.

contact between the mating parts to provide a
secure anchor for the food item.

The other design requirement worthy of men-
tion at this time is the necessity for providing a
method for coping with any food wastes which
might be generated during a mission. Present
plans call for germicide tablets, supplied either
in a dispenser or attached to each food package,
to be added to any food feeder having waste
food or drink prior to its storage. Tests have
demonstrated that, in this manner, putrefaction
of the waste food and its concomitant gas pro-
duction can be minimized or eliminated.

DISCUSSION AND CONCLUDING REMARKS

The original design of the space feeding con-
cept for Projects Gemini and Apollo was to
provide a nutritionally adequate diet which is
highly acceptable, light in weight, easily han-
dled in zero-g, and requires the minimum of
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storage volume. It is felt that the feeding con-
cept described which requires approximately
1.3 Ib/day/man in a volume of approximately
110 cu. in./day/man does approach this goal.
This is not to imply that no other problem areas
exist. We are well aware of the further work
required in the development of a leak-proof
food feeder, edible food coatings, and bite-size
food dispensers as well as the continual up-
grading of the space flight diet as new and im-
proved food varieties are developed. Included
in this will be a close look at a high-consistency-
food concept which could conceivably allow the
crewmen to utilize forks or spoons for eating.
Such a concept has been proposed and devel-
oped ; however, it cannot be incorporated into
the existing menu until such time as a thorough
test program has established its physiological
and psychological acceptability.

The desirability and necessity for obtaining
nutritional balances during flight were pointed
out previously. We are investigating the use
of formula diets for this application, realizing
that this is the only way that nutritional re-
quirements for space flight can be established.
The effects of space flight stresses must be estab-
lished prior to flights of longer duration than
those presently programed. I donotthink that
this requires the use of a formula diet in all
Gemini and Apollo spaceflights. However, 1
do feel that a certain flight or flights using such
a diet should be programed. The required
number of such flights would be predicated by
the information or results obtained. The de-
tails of a nutritional experiment are presently
being worked out in anticipation of inclusion
on a Gemini flight.
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Discussion: Preparation, Handling,

HErBERT A. HOLLENDER

and Stora ge Of FOOdS f()r Assoctate Director, Food Division

Present Space Projects

In the preceding paper it was pointed out that
the Gemini and Apollo diets are adequate, in the
light of present knowledge, but the flights to
date have not shown any real need to concern
ourselves about nutrition, and changes can be
made as information is obtained from future
flights of longer duration. I am sure changes
will be made. The basic life-support design
requirements have set the requirements for the
food and food packaging; such things as cabin
temperatures, humidity, and water temperature
have had a considerable impact upon the type
of food and the food packaging which has been
used.

It is worth noting that the semisolids and
bite-size pieces that were used for the suborbi-
tal and orbital flights through MA-8 were avail-
able as a result of foresight by the Air Force
in placing a requirement upon the Armed
Forces Food and Container Institute to develop
products like these several years ago. If it had
not been for this, we probably would not have
had food capable of being flown on the Mer-
cury missions. Work on freeze-dehydrated
foods was also initiated at the Armed Forces
Food and Container Institute, but the require-
ments were much less severe than the present
requirements. This was especially true of sta-
bility and temperature of water for rehydra-
tion.

These dehydrated foods were a spinoff of the
Army’s extensive ration development program
based primarily on freeze-dehydration. The
present requirements essentially require stabil-

U.S. Army Natick Laboratories

ity for 6 months at 100° F. We would like to
reduce these stability requirements, because this
would allow for some increase in variety, but,
essentially, we are pushing for 6 months at 100°
F; and, short-time exposure to 135° F is also
necessary. These requirements put a high stress
on some of the food components. The 80° F
water for rehydration is something that has
plagued us, as far as making up the menus and
having sufficient variety and acceptability.

Certainly we must have adequate packaging
for dehydrated foods. We know that we have
excellent stability in freeze-dehydrated foods,
but. this would be impossible if we did not have
protection from oxygen and moisture (2 percent
or less). The requirement for protection under
100° F and 100 percent relative humidity puts a
real burden on the packaging.

Figure 1 shows the food available for the last
Project Mercury flight (MA-9).

Further development of food components has
led to a good many more items. Figure 2 shows
two meat items, beef and gravy and chicken and
gravy. The problem with the development of
these particular components was reconstitution
with 80° F water. Therefore, we gave care-
ful attention to several factors, primarily
in special trimming of all fat from the meat to
make sure there was no residual fat that would
inhibit the rehydration and in the development
of special gravies that would rehydrate with
80° F water. By mixing the meat and gravy
together, freezing and cutting in blocks, and
then freeze-drying, we were able to get more uni-
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PROJECT MERCURY

( 33 HOUR MISSION )

FicuRE 1.—Project Mercury MA-9, 33 hour mission.

form distribution of flavor, although it is diffi-
cult to get full flavor at 80° F. We also
improved stability; all the components were at
the same moisture level because the whole block
is freeze-dried as a unit. We also had good por-
tion control, because the weights could be con-
trolled. There was no problem of weighing out
an individual quantity; the blocks themselves
determined the portion control, and we had a
more compact configuration for packaging.

The need for bland foods restricted use of
some seasonings and also reduced acceptance at
80° F, because, generally, heat brings out. a con-
siderable amount of flavor. Tomato could have

DEHYDRATED FOODS FOR AEROSPACE FEEDING
( PROTOTYPES )

BEEF SANDWICH

" | BEEF_W/GRAVY

CHICKEN W/GRAVY

FIcURE 2.—DBeef with gravy, chicken with gravy,
beef sandwich, chicken sandwich.
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been used to improve flavor, but there were
problems of stability ; for the same reason but-
ter could not be used. The piece size was very
carefully controlled, so that it would pass
through the three-quarter-inch opening of the
tube; we had to do this carefully, so that we
would not have too much fine material and lose
textural properties. The pieces were carefully
cut to about one-fourth of an inch.

Rehydration within 15 minutes at 80° F re-
stricted the variety, as it essentially eliminated
use of alimentary pastes. There was only one
product with an alimentary paste. This was
spaghetti and meat; it was a real problem be-
cause the alimentary pastes will not rehydrate
well without giving a starchy taste at 80° F.
However, we did come up with one product.

We also have a problem with fragility, which
we think we have partially solved. We prefer
the block shape because food is easier to load
in this configuration; therefore, we need to re-
duce the fragility.

The sandwiches shown in figure 3 are bite-
size, freeze-dried, and are soaked in gelatin and
coated with acetylated monoglyceride on the
edges to prevent crumbling. These coatings
also boost calories. The sandwiches are re-
hydrated in the mouth.

Figure 4 shows salad items. We tried to in-
crease variety with products which were nor-
mally eaten cold. We tried several varieties;
the biggest problem is fragility—especially with

. .; N
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DEHYDRATED FOODS FOR |
AEROSPACE FEEDING
PROTOTYPES

) o

CHICIGN SANDWICH

FicURE 3.—Sandwiches—cheese, peanut butter,
beef, chicken.

potato salad and chicken salad which are very
hard to keep in block configuration for ease of
packaging.

Figure 5 shows the kinds of fruit and vege-
table items available. The problem with the
vegetables is that they have few calories. We
therefore had to use a cream sauce, and this
was not too well liked. Also, the vegetables do
not feed well through the tube. We are now
attempting to achieve a better sauce for the
green beans. The carrots are very susceptible
to oxidative rancidity ; therefore we are think-
ing of replacing this item with freeze-dried
corn. The fruit cocktail and the peaches are

FIGURE 4.—Salads—potato, tuna, shrimp, salmon, chicken.
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FIcURE 5.—Vegetables and fruits—green beans,
carrots, fruit cocktail, applesauce,

FRUIT COCKTAIL y

creamed
peaches.

freeze-dried with a combination of sucrose and
calcium cyclomate for sweetness and for con-
trol of pufling which occurs with sucrose alone.

Figure 6 shows four soups which are not
freeze-dried but are mixtures of ingredients.
The greatest problem is acceptability at a serv-
ing temperature of approximately 80° F. Per-
sonal preferences also increase the problem of
providing variety. Calories are boosted with
a high-fat nondairy-type coffee creaming agent.

Figure 7 shows four puddings that have been
developed using this calorie booster. It im-
parts desirable body to the product although
some people can detect a slight off flavor.

Figure 8 shows the variety of juices available.
These are not freeze-dried. They are dried on
a cold roll, and the big problem is that the

C

CHOGOLATE

1 DINGS g

¥ PUD

s A
oM NowE >

FIGURE 6.—Soups—corn, pea, potato, mushroom.

particles have a tendency to stick together when
they are kept at 100° F under a vacuum ; how-
We have
boosted the calories by adding corn syrup solids

ever, the juices do have good flavor.

of low sweetness.

Figure 9 shows an array of bite-size pieces.
The bite-size pie is only an experimental item.
The calories in the toast are increased by the
addition of gelatin containing some fat. The
problem with these pieces is much the same as
that for the sandwiches—crumbling and too few
calories to justify them; however, they do offer
some interesting variety as far as texture is
We believe they are useful for this

concerned.
reason.

Ficure 7.—Puddings—chocolate, butterscotch, apricot, banana.
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FiGURE 8.—Fruit juices—grape, apple, pineapple,
orange.

% DEHYDRATED FOODS FOR
! AEROSPACE FEEDING

~ o~
BACON BITES | E‘W OMELET | *
T iy BRIy TR O e

FicuRe 9.—Bite-size foods.

\‘\J } STRAWBERRY

POTATO CHIP BLOCKS jors CEREAL CUBES APPLE

F1cuRe 10.—Cubes.

The cereal cubes shown in figure 10 are made
with freeze-dehydrated fruits incorporated into
something like corn flakes, compressed, and then
coated. These give variety and good flavor;
they are quite high in calories ‘md provide va-
riety of texture.

There are several other types of bite-size
pieces, one with a coating used essentially for

desserts where loss of moisture from brownies
or pound cake is prevented by coating with a
slightly sweet carrier. The problem is to find
coating to withstand the 135° F temperature.
We also have what we call a fruit cube; this is
freeze-dried fruit, strawberries, apricots, and
so forth, incorporated in a bland carrier. In
order to meet the high temperature require-
ments, a high-melting-point fat is essential and
this decreases palatability. After high-temper-
ature storage some off flavor is developed in the
milk solids used as one of the ingredients of the
carrier.

Figure 11 shows two types of breakfast ce-
reals. Sugar and instant nonfat milk have been
added and the product has been broken slightly
in order to facilitate passage through the open-
ing in the food container. Additional variety is
possible in order to satisfy personal preference.
Also shown are cocoa beverage and tea which
have been included to add to the variety
of components normally consumed at lower
temperature.

In packaging, there was a real problem in get-
ting the right combination of transparent ma-
terials. We are very fortunate that there is a
new material on the market that has a very low
moisture transmission and good protection from
oxygen; by combining this with several other
materials into a four-ply laminate, we have good
protection.

COCOA BEVERAGE

FIGURE 11.—Breakfast cereals, cocoa, and tea.
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Nutrition and Stresses
of Short Term
Space Flight

PauL A. LacHANCE
Life Support Section
Crew Systems Division

Manned Spacecraft Center, NASA

N65 1857

The nutritional requirements for short-term space flights which are most likely to be
affected by the expected stressors and operational malfunctions or both, especially that of
the Environmental Control System, are water and calories. Evidence accumulated under
simulated or analogous situations on Earth would indicate that calcium and protein im-
balances may occur. Experiments have been proposed to study selected nutritional param-
eters during Gemini missions of increasing duration.

The physiological stressors associated with
space flight, such as exposure to acceleration-
deceleration, vibration-impact, noise, reduced
and/or altered atmospheres, radiation, and
weightlessness can, in many instances, be con-
sidered potentially as hazardous during the
early short-duration missions (up to 14 days) as
during extended flights, The primary reasons
are that the early flights of typical early op-
erational missions were complicated by the
elements of inexperience and the definite engi-
neering design constraints imposed by space,
weight, and power limitations characteristic of
initia] exploits.

Historically, during the initial experimental
trials of manned systems, such as in submarine
or high-performance aircraft, the test pilot or
crew had been in a situation where, beyond the
need for skill, stamina, and the reliance on the
human capability to react and/or adapt to ad-
verse environments, there had been a greater
assurance of safety since the experimental sys-
tem could be tested in stages rather than all at
once. For example, the point of no return was
some critical speed or depth. In addition, the

experimenter was not expectea ic be an experi-
mental subject at the same time. Space flight is
a situation where the lack of physiological
knowledge pertaining to the total environment
of space, coupled with the previously mentioned
engineering constraints precludes the pilots or
crew from being considered only as experiment-
ers. However, participation as an experimental
subject must not in any way compromise the
primary functions of the experimental test
pilot or crew member,

No matter how great the skill, stamina, and
experience of the test pilot or crew, extended
space flight is definitely capable of being limited
by man’s ability to acclimatize to new environ-
mental situations. There is little doubt that the
astronaut. 1s capable of adapting to short-
duration space flights given the proper life-
support equipment; however, if physiological
and metabolic adaptation to this new environ-
ment actually occurs, it could jeopardize his
return to Earth. This would create a need to
readapt to a set of environmental factors which
are now foreign and capable of provoking seri-
ous incapacitating effects.
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MAJOR SPACE FLIGHT STRESSES
)

Short Duration and Emergency Stresses

For the purpose of this presentation, which
is to discuss the space flight stresses of major
concern from a point of view of nutrition, the
stressors can be narrowed to a few of principal
concern. The short duration of the acceleration-
deceleration, vibration-impact, and the high-
intensity noise phases encountered during a rou-
tine mission, although capable of being of a
severe nature, can by careful spacecraft design
and many other factors be attenunated to be
within preestablished tolerance limits. Emer-
gency conditions which hopefully will not occur
during a routine mission profile, but which must
be anticipated are listed as follows:

Emergency Conditions

[Unpublished data from the Douglas Aircraft Co.,
Inc., 1964]
DECOMPRESSION
Meteor puncture
Structural failure
Hatch failure

EXPLOSIONS AND FIRES
Experimental hazards
Electrical fires
Pressure excesses
Fuel ignition

ATMOSPHERIC CONTAMINATION
Particulate matter
Acids
Fuel leakage

IrrADIATION
Systems
Personnel

LINEAR AND/OR ANGULAR ACCELERATIONS
Impact-docking, collision, meteoroids

Uncontrolled gradual onset—
orbit keeping, stabilization, puncture leak-
age reaction, centrifuge imbalance
SUBSYSTEMS MALFUNCTION OR FAILURE
Environmental control system
Ecological system
Electrical power

Acttitude or guidance control

Onboard propulsion

Auxiliary power

Communications and data handling
PERSONNEL HAZARDS

Accidental injury

Disease

Mental disorder

The lift-off and reentry stressors and emer-
gency conditions are of such duration as to pre-
clude the collection of significant nutritional in-
formation ; however, it is believed that the nu-
tritional status of the astronaut at the time of
the stress could significantly affect tolerance at
a time when seconds can pose a major threat to
the safety of the crew members, if not the indi-
vidual in the emergency situation.

Infection and Disease

Frequent and stringent medical evaluations
prior to short-term flights will hopefully pre-
clude problems related to infections or other
diseases.

Radiation

Exposure to radiation remains a potential,
rather than a certain, hazard. Experience to
date indicates that for orbital missions, the
level of exposure is well within allowable limits.
With extravehicular operations and the result-
ant decrease in shielding, these values may rise.
Puncture of the pressurized suit by micro-
meteorites or by equipment being utilized by an
astronaut is probably as great if not a greater
hazard. Excursions beyond the parking orbit,
such as in the vicinity of the Moon, may increase
the risk of significant radiation exposure.
Solar flares are a definite hazard and difficult to
predict. Exposure without shielding for any
long period of time to this radiation or the flux
of the Van Allen belt could be lethal. The
amount of shielding required under these con-
ditions, that is, prolonged exposure to solar
flares and the Van Allen belts, or both, is pro-
hibitive. The tolerance limits which have been
recommended for the Apollo missions (by W. L.
Gill and S. C. White, Manned Spacecraft Cen-
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ter, in an unpublished document) are given in
table I. Most of the research on the relation-
ship between nutrition and radiation tolerance
has been with animals. The present accelerated
interest in human radiation protection is aimed
at meeting long-term mission requirements and
very little emphasis has been placed on the po-
tential contribution of dietary radioprotective
agents.

Atmospheres

The Manned Spacecraft Center has been ac-
tively involved in the direction and support of
programs leading to the selection and valida-
tion of the atmospheres to be utilized in Gemini
and Apollo missions (ref.1). Based on the re-
sults of studies to date, there is no reason, from
a physiological standpoint, that an atmosphere
of 100 percent oxygen at 5 pounds per square
inch absolute cannot be utilized for periods up
to 14 days.

In several of the atmosphere validation
studies, gross measurements of food and water
consumption were made. A screening of these
data and the biochemical determinations per-
formed for monitoring purposes indicates that
caloric and nutrient requirements are not sig-
nificantly affected by the exposure to these at-
mospheres and are comparable to the expected
expenditures for sedentary individuals. Subtle

STRESSES OF SHORT TERM SPACE FLIGHT

73

changes, however, may be occurring which only
precise animal and human nytritional experi-
ments of longer duration would reveal. Cur-
rent, design thinking anticipates that a two-gas
life-support system will be utilized in longer
missions, and, as a result, nutritional studies
should probably be oriented toward these pro-
posed spacecraft atmospheres.

Pressure Suit

The need in Gemini missions for the continual
wearing of a ventilated but not pressurized gar-
ment is a factor which can be considered as more
characteristic of the early short-term flights.
It is anticipated that the garment will be par-
tially donned, that is, with helmet and gloves
removed 12 hours a day, and that it will be
pressurized only during extravehicular activi-
ties and emergency situations. In Apollo, only
one man at a time in the three-man crew will
wear a pressure garment approximately 8 hours
a day.

Caloric requirements—In addition to the
definite personal hygiene implications, the con-
tinual wearing of an impermeable but ventilated
garment has implications on water and caloric
requirements. Ongoing research by E. L.
Michel, H. S. Sharma, and J. Waligora of the
NASA Manned Spacecraft Center indicates
that when work is performed, with or without
the suit pressurized, caloric requirements are in-

TaBLE 1.—Radiation Exposure Dose Limits

Maximum | Relative Maximum
permissible] biological | Average | permissible .
Critical organ integrated | effective- | yearly [single acute Location of dose point
dose, ness dose, |emergency
rem rem/rad rad exposure,
rad
Skin of whole body.__._ 1600 1.4 250 500 0.70-mm depth from surface of
(approx) cylinder 2 at highest dose-rate
point
Blood-forming_____ __ 270 1.0 55 200 5 cm depth from surface of cylinder 2
Feet, ankles, and 4000 1.4 550 700 0.07-mm depth from surface of
hands cylinder 3 at highest dose point
Eyes. . ______.___. 270 2 27 100 3-mm depth from surface on cylinder
1 along eyeline

762-318 0—65——6
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FIGURE 1.—Time history for suit-inlet temperature for manned orbital flights.

creased (table II). This evidence is in agree-
ment with the earlier work of Tiller and Greider
(ref. 2) and the recent unpublished work of
1. Streimer, D. P. W. Turner, C. A. Tardiff, and
T. L. Stephens of The Boeing Co., and E. C.
Wortz, T. J. Harrington, O. K. Edwards, and
R. Diaz of the Garrett Corp.

Water requirements—The most critical nu-
tritional parameter affected during flight, espe-
cially under suited conditions, is the require-
ment for water. As figure 1 (ref. 3) indicates,
the MA-9 suit-inlet temperatures were consider-
ably better regulated than in the prior orbital
flights; however, considerable variation can oc-
cur. During the MA-9 mission, active sweat-
ing occurred, and, coupled with other factors,
the postflight. data indicate that water loss was
in the vicinity of 0.3 pound (136 milliliter) per
hour. Miller (ref. 4) has reported that the
daily evaporative water loss at 5 psia is theo-
retically three times that at 1 atmosphere, or
approximately 0.347 1b (157.5 ml) per hour.
This substantiates some of his preliminary ex-

perimental observations on total evaporative
water losses of human volunteers in protective
garments pressurized at 5 psig, and ventilated
at 15 cubic feet per minute. In a report several
years ago an increase was reported in evapora-
tive water losses in nude men exposed to re-
duced atmospheres (ref. 5). The effect of re-
duced pressure on water loss is a controversial
subject, but there is no doubt that the ventila-
tion rate and the temperature of the inlet air
(ref. 6) affects evaporative water losses in suited
individuals. Combined with light work (180
keal/sq m/hr or 1,435 Btu/hr) under pres-
surized conditions, the cooling capacity of
oxygen flow can be marginal, especially if the
inlet air temperature is 80° F or more. Condi-
tions favorable for heat dissipation, that is, ac-
tive sweating with constant body temperature,
must be supported by adequate water intake;
otherwise, progressive dehydration will ensue.
The water requirement for various phases of the
Apollo mission as calculated by Billingham,
NASA Manned Spacecraft Center, is given in
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TaBLE I1.—Caloric Requirements

Heat
Activities production,
Btu/hr
Treadmill walking at 0.8 mph:»
Light clothing (normal dress)___ 520
Space suit, unpressurized. . _____ 860
Space suit, pressurized 3.5 psi_._ 1520
Space suit, pressurized 5.0 psi- .. 2020
Sitting in mockup activitating
switches:
Space suit, unpressurized_ . _____ 420
Space suit, pressurized 3.5 psi--- 590

sAt sea level.
bActivating switch once every 5 seconds at sea level.

table IIT; however, it is assumed that the astro-
nauts will be in water balance. Experience to
date indicates that training and prescribed
drinking are in order.

Other nmutrients—A report of preliminary
nutritional data collected in association with
continuous 14-day pressure-suit wear, with the
suit uninflated and for the most part of the day
partially donned, is given in this volume by J.
Vanderveen, et al.

Specific metabolic and nutritional changes
under pressurized suit conditions have not been
elucidated ; however, it is probable that changes
will be detected in view of the reported increase
in urinary catecholamine excretion associated
with the wearing of a pressurized garment (ref.
7). Although long periods of suit pressuriza-
tion are not anticipated in early flights except

TaBLE I11.—Apollo Water Requirements

Water
Condition requirement
(per man)
Command module,
normal operation_ . ________ 6.6 lb/day
Lunar excursion modaule,
normal operation. __.______ 9.1 lb/day
Command module,
decompressed. - _____._____ 12.4 lb/day
Lunar excursion module,
decompressed .. - ___._._____. 0.81 Ib/hr
Lunar su:face operations. _ _.._ 1.46 lb/hr

under emergency conditions, the duration of
routine extravehicular tperations will probably
increase as flights become more routine and
therefore a need exists for data in this particu-
lar area.

Weightlessness

If the lack of stress can be called a stressor
analogous to the reactions to sensory depriva-
tion, weightlessness is a very serious stressor.
In-flight weightlessness experience to date is
given in table IV. Potential adverse effects of
long-duration subgravity exposure can be found
for every system of the body (table V). How-
ever, experience to date indicates that particular
concern must be given selected effects, which,
during short missions, could impair astronaut
function during flight or during reentry. It is
also essential to provide valid information to
test protective or corrective devices and to ob-
tain information for extrapolation to extended
flights. Of immediate concern are the effects
of weightlessness upon the following systems:
cardiovascular, skeletal, and muscular. Each
of these has some degree of nutritional implica-
tions. There is increasing evidence that if bed-
rest findings are analogous to weightlessness
experience, the cardiovascular decrement to tilt
table experienced by some astronauts after flight
(ref. 3) is the result of decreased venous return
secondary to peripheral venous pooling (ref. 8).
It is very likely that shifts in body fluid occurred
in flight and that, coupled with dehydration
previously discussed, further aggravated the re-
sponse upon return to lg. It is debatable
whether the physiological changes in circulation
which apparently occur with weightlessness are
simply a readjustment of the “milieu” of a shift
which will lead to inferior circulation and con-
sequently incomplete nutrition.

Although the limited in-flight biomedical
monitoring data do not reveal evidence of in-
creased urinary calcium, bed-rest findings have
consistently revealed significant increases (refs.
9,10, and 11). TUnder the latter conditions it is
the opinion of Birkhead (ref. 12) that a con-
siderable stimulus, greater than 1 hour a day of
moderate bicycle exercise, would appear to be
needed to alter observed calcium excretion.

Muscle catabolism as evidenced by negative
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TasLE IV.—Weightlessness Experience

—_—
Astronaut Launch date | Number of orbits | Flight time, hr:min
United States
John H, Glenn, Jr_ ... Feb. 20, 1962 3 4:56
M. Scott Carpenter_ ____________________.___ May 24, 1962 3 4:56
Walter M. Schirra, Jr__ . ___________________. Oct. 3,1963 6 9:14
L. Gordon Cooper, Jro oo May 15, 1963 22 34:20
Totals. - o i eccaiacd] mmeccammeoes 34 53:26
Russia
Yuri A, Gagarin. _ ... ________ _..____.__. Apr. 12,1961 1 1:29
Gherman 8. Titov_____ . .____ Aug. 6, 1962 17 25:18
Andrian G. Nikolayev__. . ....__.___ Aug. 11, 1962 64 94:22
Pavel R. Popovich._ ... . ... Aug. 12,1962 48 70:57
Valery Bykovsky_ _ . ... June 14, 1963 81 119:06
Valentina Tereshkova. . ... _ . . __._.. June 16, 1963 48 70:50
Totals. oo oo iciciac]| cmmemmeaa 259 382:02

nitrogen balance has not occurred in all bed-
rest studies—in particular, in those ezperiments
in which a plaster cast of one or more limbs
was not utilized. The astronaut will be con-
fined in Gemini flights but not immobilized. In
subsequent flights, Apollo, for example, more
activity will occur since the vehicle will be
larger, and a greater number and duration of
extra-vehicular excursions will probably take
place. Nonetheless, this potential problem de-
serves close scrutiny for the reasons previously
discussed and because pyschophysiological
stresses are believed to be sufficient to provoke
negative nitrogen balance (ref. 13).

The question of caloric requirements to per-
form tasks in a weightlessness environment
should be mentioned. The studies reported in
reference 14 would seem to indicate that “the
tractionless aspect of zero g may cause degrada-
tions in the output characteristics of work man-
ually produced by the unbraced operator.” De-
pending on the workload and bracing available
within larger spacecraft. and during extrave-
hicular operations, as much as a 30-percent in-
crease in oxygen consumption may occur. This
is one good reason why caloric estimates can-

not be extrapolated only from simulator study
data. Actual in-flight measurements are needed.

TaBLE V.—Some Potential Adverse Psychophysi-
ological Effects of Long-Duration Exposure to
Zero Gravity

[Source: Unpublished data from the Douglas Aircraft
Co., Inec.]

System Adverse effect

Cardiovascular_ .- .{ Decrement in response to
stress

Mpyocardial atrophy

Cardiac arrhythmia

Vasomotor instability due to
reflex deterioration

Reduced blood flow

Capillary fragility

Hypostatic congestion

Gastrointestinal ___| Diminished peristalsis and
secretion

Trapped gas

Constipation

Liver impairment

Respiratory.. ... __ Hypostatic congestion
(lungs)

Reduced  vital
(lungs)

Inadequate

capacity

nasal sinus

drainage
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TaBLE V.—Some Potential Adverse Psychophysi-
ological Effects of Long-Duration Exposure to
Zero Gravity—Continued

System Adverse effect

Muscular_________ Atrophy-reduced size and
capacity

Negative nitrogen balance

Reduced creatine storage

Fasciomuscular adhesions

Demineralization

Joint atrophy

Adhesions

Loss of desire to void

Diuresis

Disorientation

Motion sickness

Motor skill degradation

Sensory impairment

Autonomic reflex deteriora-
tion

Mental aberrations

Maladaptation to stress

Hypovolemia

Skeletal . _ ________

Urinary . .________

Neurological . ___ __

Endocrine_ _______

Urine receiver with
inflatable seal

To heat exchanger — -

IN-FLIGHT EXPERIMENTS

Calcium Metabolism Experiments

Several in-flight experiments have been pro-
posed for one or more Gemini flights. Three of
these experiments are concerned with the bio-
medical problems just discussed.

One experiment would study a facet of the
cardiovascular problem, and two experiments
are concerned with calcium metabolism. The
latter experiments will be outlined here. A
demineralization experiment will involve pre-
flight and postflight X-ray measurements
of the bone density of the os calcis
and the fifth digit of one hand. A calcium
balance experiment, which will include nitrogen
balance information, will be conducted to study
dietary intake and urinary and fecal output
during preflight, postfligcht, and in-flight activ-
ities. Blood parameters will be measured dur-
ing preflight and postflight activities. This lat-
ter experiment involves the use of a formulated

e

Air filter \

actuating
valve

Lanyard for bellows
expansion

Launch-reentry
restraint

MAC filter
housing —_—

Manual by-pass
vdlve

FiGURE 2.—Urine transport system with simulated interface components.
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diet of known composition for 2 weeks during
preflight, postflight, and flight activities. Sev-
eral diets are presently being studied for their
in-flight suitability.

The results of these experiments are, in ad-
dition to the routine biomedical information,
collected for monitoring purposes as in the Mer-
cury flights.

NUTRITION IN SPACE AND

In-flight Sample Collection

In flight the urine will be collected in timed
aliquots from the Urine Transport System (fig.
2). This device includes a urine receptacle con-
sole bellows including filter, volumetric meas-
uring device, and urine sampling device. The
remaining urine is filtered and dumped into the
heat exchanger.

The defecation glove (fig. 3) also serves as
the storage receptacle and the total sample is
stored in the storage boxes or emptied food
storage boxes.
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Discussion: Nutrition and
Stresses of Short Term
Space Flight

It is generally accepted that, regardless of
the stress effects, clinical malnutrition in the
conventional sense is not a problem of short-
term space flight. However, as the working
group on nutrition and feeding, of which Dr.
Chichester is Chairman, has pointed out, and as
Dr. Voris and Dr. Lachance have emphasized,
deficiencies of water or electrolytes could impair
the effectiveness of the astronaut and even
threaten his life. It is impossible to overem-
phasize the necessity of not only providing ad-
equate water and salt but also of insuring that it
is actually consumed by the astronaut despite
all the distractions to which he is subjected.
Dr. Lachance has provided a summary of the
factors contributing to abnormal water loss un-
der the conditions of space flight.

The increased loss of calcium under condi-
tions of relative immobilization has been men-
tioned several times. This can be used as an
example of the way in which modification of a
so-called normal diet may help the body resist
an undesirable effect of space flight conditions.
Three years ago R. S. Harris and his coworkers
at MIT showed in an unpublished report that
monkeys with paralytic poliomyelitis fed a diet
with a normal 1:1 ratio of calcium and phos-
phorus, had a markedly increased calcium con-
tent of serum and urine. However, changing
this ratio to 2:1 or to 4:1 by adding either in-
organic or organic phosphate to the diet, re-
duced the loss by 50 percent. The diet contained
caleium 45 and the radioactivity of the bones

NEVIN SCRIMSHAW

Head, Department of Nutrition

and Food Science

Massachusetts Institute of Technology

supported the conclusion that the high phos-
phorus calcium ratio in the diet decreased bone
loss in the partially immobilized monkeys.

If adequate water and salt but no food were
supplied, the astronaut could survive on his
body stores for many days as has been demon-
strated often by voluntary and by forced fast-
ing. He would not, however, be in an optimum
physiological or mental state for full efficiency.

If the mistake were made of allowing the con-
sumption of calories without adequate protein,
this imbalance could actually interfere with the
mechanism for mobilizing body reserve of pro-
tein and other essential nutrients.

Furthermore, in balance studies of subjects
on low-protein or protein-free diets and ad-
equate calories, personality changes have been
repeatedly observed. These changes include
irritability and difficulty in concentrating on a
task; either could be serious for astronauts.

It is in this context that the increased N loss
due to stress caused by the various physical and
psychological factors to which Dr. Lachance
has referred is potentially significant. Most
workers who have had experience with meta-
bolic studies in man can recount instances of
unexpectedly decreased or negative nitrogen
balance in persons recelving presumably ade-
quate protein intake which were thought due
to psychological disturbances of some kind;
for example, the death of a parent, the dis-
grace of an illegitimate pregnancy, scholastic
failure, or a broken love affair. One published
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example is well known (ref. 1): the case of
a woman in positive nitrogen balance who went
into strong negative nitrogen balance for 5 days
when she heard that her son had been wounded
in Korea. When she received word that he was
all right she went into positive balance until she
had made up the deficiency; then approximately
6 months later she went through this same cycle
again when the boy was again wounded. By
and large, such cases are not reported. They
oceur as isolated instances and laboratory error
is almost impossible to rule out in an isolated
instance.

With the financial assistance of the Army and
the National Institutes of Health, we have been
trying at MIT to get objective data on the meta-
bolic defects of certain reproducible situations
believed to be stressful. These are presumably
similar to, although less severe than, those en-
countered by members of the armed forces in
combat situations or by the astronauts. The re-
sults are not spectacular in terms of normal
nutrient intakes, but they do indicate that more
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FI6URE 1.—Urinary nitrogen excretion of 11 M.L.T.
students during 3-day periods before and during
final freshman examination. May 1962,

protein and certain other nutrients are lost from

the body under these conditions.
Figure 1 shows the urinary nitrogen excretion
of eleven MIT students in 1962 during the 3

days of study period immediately before the -

final examination of their freshman year, and
during 3 days of the final examinations com-
pared with two 3-day periods in midsemester
(ref. 2). Eight of the eleven were in negative
nitrogen balance in one or both periods of the
experimental periods, despite a constant intake
of a formula diet supplying approximately 1
gram of protein of high quality per kg per day,
which should have been well above estimated
requirements.
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FicURE 2.—Increase in urinary nitrogen, sulphur,
and creatinine excretion for 15 students during
examinations.

Figure 2 shows another group of freshmen.
Comparison of the baseline with the experi-
mental period indicates that there is an increase
in nitrogen and sulphur excretion in the urine
and in creatinine excretion although the aver-
age differences are not so great as in the pre-
vious experiment. (See ref. 3.)

Essentially the same thing was observed with
a group of upper classmen during final exami-
nations. The average response was less than in
the last two experiments due to the fact that
fewer subjects showed a strong reaction to ex-
aminations. The behavior of two individual
reactors is shown in figure 3.
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SUBJIECT T
.- BASELINE PIRIOD

— EXAM PERIOD

BASELINE PERIOD

URINARY NITROGEN
(M. /24 HIRS. CORRECTED FOR AVERAGE CREATININE)
©
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Ficure 3.—Effect of examinations on the nitrogen
excretion of M.LT. undergraduates receiving a
constant protein intake.

The second subject illustrates why the aver-
age differences were not significant; the upper
classmen and some of the freshmen have re-
covered periods of higher retention between ex-
aminations.

Figure 4 shows a different sort of anxiety
phenomena. This is an adolescent high school
boy who had a physician father and a psychol-
ogist mother who strongly approved and al-
most required his participation in our metabolic
balance studies and thought this would be very
good discipline for him. The protein intake of
approximately 0.6 gram per kg in a mitmeal 111
formula diet was supposed to be adequate but
for 17 days he continued to lose nitrogen, even
without taking sweat losses into account (from
unpublished data obtained by Piché, Cholakos,
and Vachon). We learned that an adult in
whom this boy had some confidence kept re-
peatedly saying that the experiment was danger-
ous, that it could produce permanent mental
damage and personality change. For this rea-
son, despite the insistence of his parents that he
comply strictly with the experiment, he was
greatly apprehensive,

When, without previous notice, the same
caloric and nitrogen intake, and almost the same
food and nutrients as in mitmeal ITI were given
as ordinary foods, there was a distinct change
in the pattern of his nitrogen balance as shown

in figure 4. When he was given the formula diet
once again, he returned to negative N balance
and despite the urgings of his parents, soon
abandoned the experiment. This subject was
one of two close friends participating in the
study. The nitrogen balance of the other boy
did the same thing up to his return to the for-
mula diet for a second time. It was actually the
uncle of this second boy who was responsible for
the apprehension. The second boy, when he was
put back on the formula diet the second time,
stayed in positive balance. The point is, there
is much more than nitrogen and caloric intake
influencing nitrogen retention; psychological
factors can be very important.

Figure 5 shows an increased nitrogen excre-
tion following the complete reversal of night
and day (ref.3). Wenow have the preliminary
results of a longer reversal experiment with es-
sentially the same finding. These differences
are not large in magnitude, but they are con-
sistent.

We now also have a study of the metabolic
consequences of 2 days of sleeplessness. The
sleeplessness nitrogen excretion data follow the
same pattern—retention the first'day and then
greatly increased excretion. The project psy-
chiatrist tells us the main anxiety factor is that
the boy wants to sleep but also feels a very
strong obligation to comply with the terms of
the experiment and stay awake. So, on the
second night in particular, he is battling these
two opposing influences.

The pulse rate increased during the examina-
tion period, as illustrated in figure 6, suggesting
some degree of anxiety.

FORMULA FORMULA

GMS NITROGEN
CUMULATIVE EXCRETION
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Fi6URE 4.—Cumulative nitrogen excretion deficit by
days—one subject. Isonitrogenous, isocaloric diets.
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Ficure 5.—N excretion in 24 hours in six M.LT.
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When one is able to measure urinary excretion
of 17-hydroxy cortico-steriods by 12-hour in-
stead of 24-hour periods, the differences of fig-
ures 7 and 8 are found. There is an increase
in the 17-hydroxy steroid excretion in the day-
time and what appears to be a compensating de-
crease in the nighttime.

What is the mechanism of measured nitrogen
excretion in stress? This is suggested in fig-
ure 8. It is well established that, with infection
and trauma, 17-hydroxy steroid excretion by
the adrenal cortex is increased. This hormone
is catabolic at the level of the muscle and other
tissues whose protein is relatively dispensable
and anabolic at the level of the liver and per-
haps certain other vital organs. The amino
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FiGURE 6.—Pulse rate increase during examination
period at M.IT. (a) 11 upperclassmen—winter
1963. (b) 15 freshmen—spring 1963.

acids thus released furnish the liver with raw
materials for both protein synthesis and gluco-
neogenesis. This is the mechanism that enables
the child with marasmus, or a starving adult,
to consume his own tissues without developing
clinical or biochemical signs of protein or other
specific nutrient deficiency. This mechanism
must also have served a useful adaptive pur-
pose in anxiety situations during the long evo-
lution of man.

In the studies I have cited and in the recent
work of Masek of Czechoslovakia (ref. 4), who
describes the similar effects of pain, the stimulus
presumably passes from the higher brain centers
to the hypothalamus and then to the pituitary-
adrenal axis, producing the same end result as
the stimulus of trauma or infection. At least
this is the most acceptable hypothesis of which
Iam aware. Itisimpossibleto keep the patient
who is in the acute phase of an infection or who
is suffering from either surgical or accidental
trauma, in positive nitrogen balance without
higher than normal protein intake, and this is
also true of some psychologically and stressful
stimuli. With all of the potential stressors,
physical and psychological, postulated by Dr.
Lachance, the same may be true of the astro-
naut, at least during some phases of his mission.

The metabolic response to anxiety is prob-
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FicURE 7.—Twelve-hour period measurement of 17-
hydroxy cortico-steroid excretion. 15 fresh-
men—spring 1963.

ably not of much significance for flights of short
duration unless it should be combined with a
diet excessive in carbohydrates relative to cal-
ories. In such an event, I believe it probable
that some loss of concentration and increased
instability could develop in a few days. How
long the effects of anxiety and other stress fac-
tors would persist under the conditions of
longer space flight remains to be determined.
It would probably depend on personality fac-
tors and the effects of the coexisting physical
stressors which Dr. Lachance has enumerated.
The fact that the mobilization of nitrogen from
body tissues continues for weeks and even
months in children with marasmus, or adults
with partial starvation, indicates that the effect
of continued exposure to stressors is not neces-
sarily transient. Only metabolic measurements
in man during actual space flight can answer the
questions raised, and these should be carried out
as soon as possible.

I have used the effect of stress on N balance
as an example. Individual essential amino
acids and various other nutrients are also af-
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fected by stress. The simulated spacecgnvir&i-
ment studies on earth do not really simulate the
complex of stress provoking factors that will oc-
cur in space flight. This was very well brought
out by Dr. Lachance’s paper. Although I agree
with Dr. Hessberg that many of these poten-
tial stressors are not likely to prove of great
significance, some of them may be of critical
importance.

My plea is not to let tentative figures, such
as were given on the first day of the conference
as nutrient requirements of an astronaut, de-
lude us into thinking we know enough at the
present time to predict nutrient requirements
for space flight with sufficient accuracy. Only
metabolic measurements obtained in man dur-
ing actnal space flight can answer the questions
raised. It is unfortunate that these measures
have not already been obtained to a greater ex-
tent. They should be given a high priority for
the future.
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Handling and Storage

of Food for
Long Flights

INTRODUCTION

Food Management in the Home and in Space

The development of a food management sys-

tem intended for use in extended manned space

flights is superficially analogous to the design
of the kitchen found in a normal household.
The function of both is to provide facilities for
storage, preparation, and serving of food. The
magnitude of the operation may also be rather
similar, as the size of a space vehicle crew may
approximate that of a family. In both situa-
tions an attempt is generally made to provide a
nutritious and appetizing diet. At this point,
however, the similarity ends. In the aerospace
field we cannot casually shop the appliance
stores for the refrigerator, freezer, stove,
kitchen cabinets, and other items needed for a
trip to the Moon or Mars.

Very likely, a number of years will pass be-
fore all components required for a space-type
food management system can be selected “off-
the-shelf”. The design of hardware compo-
nents is dictated by the nature of the mission;
crew size; duration of the flight or length of
resupply period; type of food selected; avail-
ability of power; source of water; available
space; gravity conditions; and many other fac-
tors. It is impossible to meet precisely the re-
quirements imposed by all possible combinations
of these variables, with a reasonable number of
standardized “appliances”. It is necessary,

-
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therefore, to custom-design many of the food
system components for each specific application.

Further differences between a household
kitchen and a space food system should be ob-
vious after consideration of the conditions under
which each is operated, the proximity of food
sources, food storage time requirements, and
other factors.

General Requirements for Space Systems

Despite the wide variation in detailed design
requirements, a number of general requirements
are common to the great majority of space food
management systems. High reliability is al-
ways the primary consideration. Operation of
the system should require minimum skill and
effort, and the safety of the crew must not be
jeopardized by malfunction of system compo-
nents. The more important design criteria are:
weight ; volumme; power consumption; perform-
ance level ; heat rejection characteristics of the
equipment ; operating temperature; and com-
patibility of all materials with flight environ-
ments.

The system may be required to operate under
conditions of weightlessness, partial gravity,
and/or Earth gravity. The handling of food
wastes generated by the operation of the system
is often an auxiliary function. A modular con-
cept is highly desirable to permit flexibility in
arrangement of system components within the
space vehicle.
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Problems in Logistics

A number of other factors must receive care-
ful consideration in the design of the complete
system. Before the problems of storage, prep-
aration, and serving of food are encountered on
the space vehicle, means must be devised to in-
sure that the food will reach its destination in
acceptable condition. Ground transportation
and storage, loading the resupply vehicle, launch
operations, docking procedures, and transfer of
food to the mission vehicle may involve condi-
tions that will degrade food quality if supplies
are not adequately protected.

An Approach 1o System Design

Solution of design problems encountered in
the development of a food management system
can best be illustrated by discussion of work
currently in progress in the Life Support De-
partment of the Whirlpool Corporation. Al-
though we have engaged in research and de-
velopment of food products suitable for use in
extended space missions, that subject is not
within the scope of this paper. We will direct
our attention to the storage, retrieval, prepara-
tion, and serving of food; the handling of food
wastes; and the design of auxiliary equipment
directly associated with the space food man-
agement system.

The food management system to be discussed
is a composite of two systems currently under
development in our laboratories. Hardware
fabrication is nearing completion on NASA
Contract NAS 9-1990, “Design and Fabrica-
tion of a Feeding System for Use in Extended
Space Station Type Missions.” Work on the
other, “Food Management System,” being de-
veloped for General Dynamics/Astronautics,
under NASA Contract NAS 1-2934, was initi-
ated just recently. Both contracts involve the
fabrication of operating prototypes, with zero-
gravity capability, intended for use by four-
man crews. Both are predicated on menus con-
sisting predominately of freeze-dehydrated
foods. They are based on different mission
lengths, and differ somewhat in requirements
for auxiliary equipment. The hypothetical sys-
tem presented in this paper includes components

appearing in one or both of these developments,
so that the complete range of requirements may
be illustrated, and is a composite of the two
systems rather than an exact description of
either. We assume a 1-year Earth orbital mis-
sion with resupply at intervals of 30 days.

Food Management Concept

The system is based on the concept of utiliz-
ing dehydrated (primarily freeze-dried), and
other room-temperature stable foods, to elimi-
nate requirements for freezers, refrigerators,
and ovens or other cooking equipment. As the
food items are completely compounded, cooked,
and processed before packaging, the necessity
for cooking utensils and other food preparation
equipment is obviated, as well as dishwashing
and cleanup operations. In addition to pack-
aged food, only food storage facilities, a food
console, water heater and chiller with metered
dispensing means, and seats are required to pro-
vide a complete system.

The containers, in which a crew-day supply
of food is packed, are later used for the storage
of food and packaging waste, which may be
removed from the vehicle at each resupply
operation.

To use the system, the crewman removes a
coded man-meal pack from the food storage
rack, seats himself at the food console, rehy-
drates dry items, opens bite-size items, eats, and
discards overwraps, used food packs with un-
eaten food, and other disposable items in the
waste receptacle. The details of these opera-
tions will be covered in the following discussion.

HARDWARE DESIGN

Food Packaging

Each dehydrated food and beverage item is
vacuum packed as an individual serving in a
disposable zero-gravity food package, which is
fabricated from flexible, lightweight, trans-
parent plastic laminate with good water vapor
barrier characteristics, resistance to puncturing,
and adequate physical strength. The food pack,
a modification of that developed for Project
Gemini, is designed to admit hot or cold rehy-
dration water without spillage, and may be
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utilized at both normal and zero gravity. Calo-
" rie-dense bite-size food items, stable at room
temperature, are encapsulated in edible coatings
to prevent escape of crumbs. Several such items
are sealed into a dispenser package. An assort-
ment of food packages and bite-size dispensers
are assembled into a man-meal labeled to permit
use at the proper time.

Food Canisters and Storage Racks

An important phase of the food handling
problem is delivery of food from the processing
facility to the hands of the user. Repeated
handling of individual food packages must be
avoided to prevent crushing and other damage
to the rather friable freeze-dried product. The
food must be packed so that any particular item
is available at the proper time to insure that the
predetermined diet can be followed without dif-
ficulty. The logistics of resupply enter into
the analysis because space and weight penalties
are also important in the resupply vehicle. Un-
necessary handling operations should be avoided
under weightless conditions present during
transfer of supplies from the resupply vehicle.
The removal of food and packaging waste must
also be considered as part of the overall supply
problem.

The logical solution to this delivery problem
involves use of the same container, or canister,
to carry food from producer to consumer. Ar-
rangement of food packages is not disturbed,
adequate protection is afforded, and manual
handling is simplified. Size of the canister
must be chosen carefully. For a given quantity
of food, minimum weight and volume result
from use of the largest possible canister, com-
pletely filled with food packages. There are
other overriding considerations, however.
Hatch dimensions limit canister size; a man’s
arm can reach only a certain distance to the
back of a container; he can conveniently carry
and manipulate a canister of a certain maximum
size; and several smaller canisters can be fitted
into irregular storage areas much more efficient-
ly than one large one. Careful study of these
factors led to the selection of a canister approxi-
mately 934 inches by 934 inches by 9 inches deep.
Internal packing efficiency was a further con-

sideration in this selection, because the dimen-
sions of the zero-gravity food packs and bite-
size food dispensers had previously been estab-
lished. On the assumption that four meals are
provided for each man during a 24-hour period,
a one crew-day food supply (16 man-meal
packs) can be packed in a single canister of these
dimensions.

The canister, illustrated in figure 1, is fabri-
cated from a drawn aluminum container to pro-
vide physical protection to the contents; it hasa
hinged lid provided with a gasket to seal the
canister, a combination carrying handle and lid
latch, and a mechanism to allow the canister to
be detachably secured to the rack. This design
allows the canister to be carried, inserted in the
rack, and opened with one hand only. Relief
valves and a waste retaining partition are dis-
cussed in the section “Food Waste Storage.”

Ficure 1.—Food canister, open.
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The rack and canister are designed to func-
tion together as a structural unit. Shells, or
“nests”, as shown in figure 2, are provided with
mounting holes at the rear to permit their at-
tachment to a wall of the vehicle, a bulkhead, a
series of channels, or even a special panel.
When the required number of nests are installed
with the canisters in place, a strong but light-
weight structure is formed. Any single can-
ister may be removed without disturbing its
neighbors. The rack structure remains assem-
bled throughout the entire mission, the canisters
being replaced at the end of each resupply
period. A similar set of rack elements are
mounted in the resupply vehicle to retain can-
isters during transportation from earth. This
will permit maximum efficiency in use of space
on that vehicle. When waste-filled canisters
are loaded for return to Earth, the same rack
is employed, thereby maintaining the same
weight distribution for both legs of the trip.

Water Dispensers

The water dispensers must deliver a measured
quantity of hot or cold water for rehydration of
food or for drinking purposes. Manual opera-
tion of a valve admits water to a metering cham-

FicURe 2.—Food canister in rack.
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ber equipped with a spring-loaded piston.

‘When the chamber has filled with the desired -

quantity of water the valve is closed, and a sec-
ond valve in opened to allow discharge of water
through the nozzle, or probe, into the zero-
gravity food pack. The dispenser is integrated
into the water heater or chiller so that the first
few ounces of water are discharged at the
proper temperature. A sketch of this concept
is shown in figure 3.

Ficure 3.—Water dispenser concept.

Water Heater

The problem of heating water under zero-
gravity conditions is complicated by the fact
that free convection caused by temperature dif-
ferences does not occur, thereby reducing heat
transfer coeflicients and inhibiting mixing of
water during the heating process. Further, the
entire supply of 175° F water is withdrawn
within a few minutes during the preparation
of meals. Duty cycles and meal schedules per-
mit a maximum recovery period of 3 hours for
the heater, assuming that two men eat at one

e ————
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. time and four meals are provided for each man

during a 24-hour period. A maximum quan-
tity of 3 pounds of hot water is required for
each two-man meal period. Heat transfer fluid

" is provided from another system to heat the

water. The heater is designed with a 5-pound
capacity tank, baffled to minimize mixing of hot
and cold water during drawoff and with heat
transfer fluid coils designed to provide the min-
imum practical distance from a heated surface
to any portion of the tank contents. Thermo-
statically controlled valves are provided to by-
pass heat transfer fluid around the heater when
water has reached the proper temperature. A
zero-gravity heater of this general type is illus-
trated in figure 4.

FIGURE 4.—Water heater concept.

Water Chiller

Because cold-water (40° F) requirements are
similar to those for hot water, the same basic
design concept is used in the heater and chiller.
The controls for the chiller are changed as re-
quired, and minor modification of heat transfer
area 1S necessary.

762-318 0—65——17

Feeding Console

Food console dimensions are specified as even
multiples of canister dimensions. This modular
approach permits location of the console in any
convenient area of the canister bank. The con-
sole combines the food preparation and eating
areas. The water dispensers, with heater and
chiller mounted to the rear, are accessible for
drinking purposes when the console is closed, as
shown in figure 5. A hinged portion of the con-
sole may be folded downward at mealtime (fig.
6) to provide facilities for food preparation by

Ficure 5.—Feeding console mockup, closed
position.

Ficure 6.—Feeding console mockup, open position.
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two men at the same time. Seats with belts and
telescoping legs, initially stored in the console,
provide restraint for the crewmen during the
eating operation.

Under zero-gravity conditions, the man-meal
pack is removed from the food canister, the
overwrap is discarded, and the zero-gravity food
packs are placed in insulated compartments in
the upper portion of the console shelf. Bite-
size items are placed in elastic retaining bands
at the side of the shelf. Each food package is
then removed from the insulated compartment,
filled with the specified amount of hot or cold
rehydration water from the dispenser, and re-
turned to the insulated compartment where
serving temperatures are maintained through-
out the meal. After the few minutes required
for rehydration, a food pack is removed and
squeezed to force contents into the mouth as de-
sired. Bite-size items are dispensed directly
into the mouth.

If Earth-gravity conditions prevail, the same
rehydration procedure is followed. The upper
portion of the console shelf is then pivoted up-
ward, away from the user, exposing a number
of depressions and mating male “dies,” as shown
in figure 7. Aluminum foil, dispensed from a
roll at the rear of the console, is placed over
the depressions, and the dies lowered and raised,
as shown in figure 8. This operation forms
“dishes” into which the rehydrated food is
placed by squeezing the food packages after

F1cURE 7.—Feeding console mockup, dies elevated.

Ficure 8.—Feeding console mockup, aluminum
foil formed.

cutting open the end with scissors. A spoon,
which is included in the man-meal pack is then
used to eat in the conventional manner. At
the end of the meal, the aluminum foil is care-
fully folded to enclose any remaining food
waste, and is discarded into the waste container.
Beverages are reconstituted and consumed di-
rectly from the zero-gravity packs under all
gravity conditions.

Food Waste Storage

Moist food wastes, if stored for any length of
time without treatment, will putrefy and gen-
erate odorous gases. KExperimentation in our
laboratories has provided data on the quantity
and composition of gases generated during
storage of rehydrated food wastes in sealed
containers. Calculations have indicated that
in most situations, if only small quantities of
food are left in food packs, less than 1 pound
per square inch of pressure will be developed
in canisters of the size described when used for
food waste storage. In unusual situations in
which the entire contents of a food package are
discarded uneaten, sufficient pressure to rupture
the canister can develop. For this reason, a re-
lief valve, designed to vent gases at pressures
over 114 psi, is provided in the rear wall of
sach canister. The space behind the canister
rack can be vented directly to the environmental
control system to avoid contamination of cabin
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The same relief valve prevents
rupture of canisters in the event of cabin de-
compression, and a similar valve is provided
to admit air to the canister upon recompression

~of the cabin, thereby preventing crushing of

the canisters under such conditions. This ap-
proach to the problem imposes much less weight
and volume penalty than increasing the thick-
ness .of canister walls to withstand the maxi-
mum possible pressure differentials.

An extra empty canister is provided in the
rack at the beginning of each resupply period.
This is used to contain the wastes generated dur-
ing the first day. On the second day, the can-
ister emptied during the first day is substituted
for the filled waste canister, and the process
ig repeated.

A partition, equipped with a slit rubber dia-
phragm, is provided in each canister. This par-
tition is hinged down against an interior wall of
the canister when it is packed with food. After
the canister has been emptied, the partition is
folded upward to latch across the opening under
thelid. Waste may then be inserted through the
slit diaphragm, which prevents escape of
canister contents under conditions of zero
gravity.

CONCLUDING REMARKS

This paper has described the operation of
one food management system that was designed

for a specific orbital space mission with a cer-
tain resupply requirement. This system will
not be suitable for missions with considerably
greater or shorter resupply period, of different
crew sizes, or with different power and water
sources. It does illustrate, however, the assort-
ment of problems that may be encountered in
the design of food management systems. A
complete system of this general type is illus-
trated in figure 9. '

Ficure 9.—Complete food management system.
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Discussion: Handling and
Storage of Food
for Long Flights

One of the most important of the determi-
nants in the design of a life support system is
the concept of an integrated system. There has
been a little looseness in the clarification of the
conditions under which these systems are to be
used. There has not been a clean definition of
the different types of missions, the duration,
and the different types of orbital capsules. The
design of the food and the life support systems
will vary considerably with the mission and
spacecraft. It is not fair to compare the
Gemini type, which is very primitive, with that
which Dr. Roth discussed which is based on the
large-scale 4-man, or even as the Douglas design,
24-man type orbiting laboratory. These are
very sophisticated, and the space and design
allow a man a more full-fledged approach to the
problem.

The requirements for food become entirely
different as the duration of the mission increases
and as the experience of man in space is ex-
tended. It has been mentioned several times
in previous papers that the first missions will
require complete metabolic balance studies on
thé astronauts in order to establish as good a
basis as possible for determining possible meta-
bolic deterioration and degradation. This
means that the formula type of diet would be
preferable because of the simplicity of approach
in the analytical procedures before and after
flight. However, this does not mean that the
formula type of diet is to be preferred when we
get into the 30-, 60-, 90-, and 120-day missions,

-
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after the basic studies have been completed and
after the knowledge of the metabolic deteriora-
tions, if any, has been thoroughly assessed.

Then, again, in design of food and housekeep-
ing problems, I think we must know the mission
of the astronaut. Based on whether an astro-
naut is in a polar orbit where the time will be
approximately 90 minutes, with about 18 orbits
in 1 day, or whether he is on a 30° orbit where
the time of orbit allows about 20 orbits a day,
we begin to see the problem of light-and-dark,
night-and-day, and diurnal variations and the
problems of mission requirements.

Obviously, if part of his mission is Earth re-
connaissance or Earth observation, he can do
this only during the daylight hours and with
the change from day to dark he is not going to
have the continuity of daily rhythm that we
have here on Earth where we are exposed to a
normal variation of day and night so that the
meal times, the sleep times, and all the personal
hygiene problems will have to be regulated with
each orbit on a preset, predetermined basis.

This will be one of the factors in determining
the amount of food, the type of food, and the
time in which the food is consumed. If it is
going to take a period of time for rehydration,
then obviously his chores during daylight or
light visible time on Earth will not allow him
to eat during this period and the food will be-
come cold. Thus, a very carefully manipulated
time schedule must be set up to allow him to
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eat the food at its optimum temperature and
palatability.

Probably one of the most important factors
for the man in space is his water requirement.
The problem of determining whether an astro-
naut is dehydrating has yet to be solved. We
have suggested to our engineers that they try
to build a scale so that the astronaut can be
weighed every day in space. It is going to be
a little difficult to weigh a man at zero-g. One
idea of how to do this is based on the use of the
spring. The individual is suspended in the
spring and his rate of oscillation and the extent.
of the oscillation determined. This would be a
measure of the mass and, by knowing the mass,
we probably can determine body weight. Ob-
viously, if he has weight changes greater than
1, pound per day we are dealing with water
balance changes, be they positive or negative.

It is possible he may go into positive water
imbalance because of edema and circulatory
problems; the edema which may develop under
certain conditions of zero-g must be guarded
against equally carefully as dehydration and,
as a matter of fact, would probably be contribu-
tory to tissue dehydration. Water require-
ments, then, become one of the important de-
terminants. The ability to measure the man’s
state of dehydration in real time becomes an
essential part of the monitoring of his life sup-
port system, If, ashasbeen mentioned, the fuel
cell is used, the amount of water available is no
problem because the system will generate more
than an adequate amount. The problem will be
to have the astronaut consume it.

On the other hand, some of the other designs
use the solar-type cell for power generation.
Then there is an entirely different problem
which is securing adequate amounts of water at
the proper time. In this case, freeze-dehydrated
food may not be feasible because if water must
be carried there is no point to using dehydrated
food and then hydrating it in space. This only
complicates the lives of everybody concerned.

The system Dr. Roth described is excellent, for
what it is designed to do, but we must not take
this as the prototype for all systems because of
the variations which obviously are going to be
the designs of orbiting spacecraft.

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

Another problem is the question of environ-
ment. If, as has been suggested, helium is to
be the second gas in any oxygen-helium mixture,
then the heat loss from the body becomes rather
extensive and caloric requirements are altered -
considerably. We must know what the compo-
sition of the environmental gases are before we
put any fixed figure on calorie requirements.

This environment presents an engineering
problem, too, because the thermo-conductivity
of the helium will interfere with some of the
electronic gadgets which are often a part of the
life support systems. The accumulation of toxic
gases and the gassing out problems which may
come from some of the insulation material or
from some of the packaging material of the food
become important considerations. Another
problem is the generation of some of these toxic
agents by the human himself.

This brings up the question of the leak rate
of these spacecraft. One is surprised at the
actual amount of oxygen which is required by
the astronaut in the spacecraft. Actually, more
than twice as much oxygen as is used in the
metabolic process is needed. This difference is
due to the leak rate, or loss of oxygen, into the
surrounding environment. If the pressure of
the chamber is increased from 5 pounds per
square inch to 14 psi, as the Russians have done,
then the leak rate increases tremendously and
the whole logistic support must be recalcuated.
On the other hand, as long as it is kept at 5 to 7
psi, the leak rate is kept low, and oxygen avail-
ability will then cover this extensive loss.

The leak rate, however, has an important ad-
vantage. It allows the dissipation of some of
the toxic substances into the outer space, so that
burners, chemical solvents, and so forth, may be
adequate to take care of the situation. Also in
connection with this, certain foods that increase
flatus obviously must be avoided, a problem
which requires much research.

With regard to water, a question is the amount
required by the man for the dissipation of heat
generated by activity. In the pressurized suit,
this may be sixfold times that in shirt sleeves.
It would seem that a coolant-type system, asso-
ciated with the back pack when the pressure
suit is utilized should certainly save the astro-
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naut from being the middle man in the water-
This would indeed be a much more
efficient system for controlling perspiration and
for allowing heat dissipation. Less dependence

- would be on the sweat mechanism which carries

with it extensive salt losses. One of the major
problems would be the burden on the control
system to eliminate the excessive amount of
moisture produced by the sweating of the man
under conditions of intensive physical activity.

Some of the other problems that come up are
the questions of : What drugs does one give this

man to take with him in case he does run into
gastrointestinal upsets? Do drugs have the
same pharmacological activity at zero-g as they
do on Earth? There is no absolute knowledge
of the pharmacological dynamics of any of our
usual therapeutic agents under conditions of
zero-g. It can be anticipated that some of them
will have a quite different type of activity under
these conditions than those with which we are
familiar.

These are just some of the problems which
must be considered and solved.
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Waste Management for
Closed Environments

Over the past several years, considerable ef-
fort has been directed toward efficient handling
of wastes and water recovery for space vehicles.
During this period, technical documents have
been presented on much of the work that has
been performed. It isthe purpose of this paper
to provide a report on the status of engineering
design and development as it presently exists.

Any waste management system, be it terres-
trial or extraterrestrial, must be concerned with
wastes from their point of origin to their ulti-
mate fate, whether re-use or disposal. Obvi-
ously the problems encountered in terrestrial
waste management systems are different from
those of the extraterrestrial, but the underlying
objectives are similar. In each case the system
must be capable of :

(1) Collection

(2)- Transport

(3) Treatment

(4) Instrumented process control.

In addition, the selected system must be com-
patible with other integrated life support
mechanisms.

A closed environment waste management sys-
tem must include facilities for handling: (1)
urine, (2) normal feces, (3) atmospheric mois-
ture, (4) vomitus, (5) diarrhetic feces, and (6)
personal hygiene waters.

It is recognized that mission duration and the
effects of zero-g environment will be important
considerations in the selection of a waste man-
agement system, but, as stated earlier, this paper
is concerned with current engineering status

CHARLEs OTT
Bioscientist, Bioastronomics
Aerospace Division

The Boeing Company

NG5 18577

even though little of the work to date has been
on operational-type hardware.

WASTE COLLECTION

Collection device design is a critically impor-
tant area, for it is here that the wastes are in
their most concentrated form (with the possible
exception of some treatment process residues)
and have their greatest possible access to the
total environment. It is, therefore, required
that the collector positively entrap not only the
solids and liquids but any resultant aerosols
and, In the case of defecation, the attendant
flatus. In addition, the collector must provide
a minimum of discomfort to the user, be in a
state of constant readiness for use, minimize the
time of contact between user and waste material,
and enable the user to readily and efficiently
clean both the collector and himself. There are
two basic types of collection devices, the in-suit
design and the shirt-sleeve design. In general,
their design has been approached from the
standpoint of separate collection of urine and
feces.

Urine

Most designs thus far have included the use of
a collapsible bag as the initial urine receptor.
The bag is inflated by the urine and sealed at the
completion of micturition, it is then emptied
by squeezing or a mechanical stripping device.
The bags may be either disposable after single
use or disinfected for re-use. Bags would be
supplied to each individual. One proposed unit
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utilizes open cell plastic sponges enclosed in
plastic bags, the sponge retaining the voided
urine.

Where relatively free movement of the crew
is possible, the collector may be a fixed unit
separated from the user. One study investi-
gated the use of a direct connection to a storage
tank with individual penis receptacles. The
principal objection to this system was the pres-
sure required to overcome the storage tank pres-
sure. Another fixed collector is the centrifugal
urinal which incorporates the use of an electric
or hand wound spring motor to turn the cen-
trifugal bowl. Here the buildup of putrescible
solids may become a problem.

At present it does not appear that we have a
urine collector which will fully satisfy the re-
quirements previously mentioned.

Normal Feces

Feces collection device design, as with the
urine collectors, has centered around the use of
plastic bags. In-suit designs range from in-
sertable units to hand-held and strap-on de-
vices. Fixed units feature seat-type collectors
with various sealing methods and some type of
vacuum-inducing means for feces and flatus
entrainment. Again the final receptacle is a
plastic bag.

The design of feces receptacles has thus far
been directed toward storage of waste material.
The designs for feces collection put forth to
date fall short of meeting the requirements for
use in space missions. Minimizing the contami-
nation of the surrounding environment during
removal of collector from the body and self-
cleansing are problems yet to be solved.

Vomitus and Diarrhetic Feces

Vomitus and diarrhetic feces have been recog-
nized as an ancillary problem to waste collector
design, but for the main, have been left as just
that—a recognized problem.

Atmospheric Condensates and Personal
Hygiene Waters

The problems of atmospheric condensates and
personal hygiene waters are less confining since
for all practical purposes the adjustment of the

system to the human user is largely eliminated.
The problems of positive entrapment and mini-
mizing aerosol formation are still present,
but should be amenable to sound engineering

practices. )

TRANSPORT

Transport systems, as such, generally do not
exist. This will continue to be the case until
the intensive effort, in design of collection de-
vices and treatment processes, arrives at work-
able combinations. An integrated system may
well require interim storage and/or phase sep-
aration depending on the fluids involved. The
development of a particular transportation sys-
tem capable of performing the tasks required
should not present any insurmountable engi-
neering design problems.

TREATMENT

Treatment, as used in this paper means any
process which alters a waste product whether
this alteration prepares the waste for storage,
re-use, or ejection from the capsule.

Most systems propose application of water
reclamation devices to urine, atmospheric con-
densates and personal hygiene waters with ac-
companying storage of fecal material. In
addition, some, if not the majority, advocate
separate treatment schemes for atmospheric
condensates. The principal method proposed
for the treatment of these condensates is passage
through beds of activated charcoal.

Methods for water recovery may be classified
as follows:

(1) Change of phase

(a) Liquid-vapor such as distillation steps
either at atmospheric pressures or reduced
pressures.

(b) Solid-vapor such as freeze-drying.

(¢) Liquid-solid such as freeze-crystalliza-
tion or zone refining.

(2) Membrane processes which include ultra-
filtration, ion exchange membranes, and elec-
trodialysis.

(3) Diffusion processes such as capillary and
thermal.
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(4) Combinations of the above.

(a) Physico-chemical such as solvent ex-
traction.

(b) Vacuum distillation combinations
such as vapor compression, spray condensers,
vapor pyrolysis.

(c) Electrolytic such as the electrolysis
cell-fuel cell.

Tables I and IT show the present status of
design and prototype fabrication. It should be
noted that many of these schemes require either
pre- or post-treatment of the waters involved,
which necessarily increases the volume and
weight of the total system. At this time, the
most promising (and advanced) systems appear
to be those that couple some type of distillation
method to an oxidation step, and the membrane
processes. For missions of less than 1 year, in-
vestigations concerned with treatment of feces
have centered around disinfection and storage
methods, without water recovery. The follow-
ing prototype hardware has been developed :

(1) Freeze-drying with venting of the steri-
lized vapors overboard

(2) Storage in refrigerated compartments at
temperatures below 0° C—addition of chemical
disinfectants is contemplated

(3) Storage in heated compartments at tem-
peratures above 120° C—again addition of
chemical disinfectants is contemplated

(4) Incineration and ash storage.

Missions of longer duration in which all water
must be recovered and food and oxygen regen-
erated within the capsule will undoubtedly take
advantage of Dbiological treatment methods.
Studies have been conducted with both aerobic
mesophillic- and thermophillic-activated sludge
and anaerobic digestion methods. At present,
the mesophillic-activated sludge process ap-
pears to hold the greatest promise. One of the
biggest obstacles to overcome will be that of
solid-liquid separation. The separated effluent
is highly oxidized and may contain the nutri-
ents necessary to support an algal or broad leaf
plant population. Encouraging results have
been obtained in limited investigations on these
effluents as nutrient sources.

TaBLE I.—Representative Figures of Current Water Recovery Techniques *

Energy, Treatment 1-g
Process watt- | Weight, [ Volume, | Yield, unit Comments
hr» 1b ft? percent built
Pre- | Post-

Freeze distillation.__ 0 35 24 94 No Yes | No Water recovered from
mixture of feces and
urine; 30 sq ft radia-
tion area required.

Membrane 1182 22 0.5 92 Yes | No Yes | Potable water has been

electrodialysis. obtained from this
process; unit in
development stage.

Vacuum distillation_ 0 26 10 91 No Yes Yes | Water is potable; radia-
tion panels required.

Vacuum pyrolysis. - . 592 56 3.5 90 No No Yes | Water consumed by
man; radiation panels
required.

Vapor compression..| 2700 60 2.0 92 No Yes | Yes | Water appears to be
potable.

* Data are average values obtained from industrial publications (ref. 1).
No effort was made to select only the best processes nor to place the data

from operating water recovery units.
in any order of importance, other than alphabetically.
> Energy expenditure to obtain 30 lb/day of water.

Many of the values were obtained
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TaBLE I1.—Comparison of Relatively New Water Recovery Techniques »

Estimated physical characteristics

Process
Energy, | Weight,
watt-hr b Ib ft?

Volume,

Comments
Yield,
percent

Electrolysis cell—fuel 650 86.1 2.6

cell 10 Ib/day).

Membrane permeation__| 1450 14 0.8

Spray condenser_ ______ 300 50 2.0

Thermoelectricity ... _- 130 Low 1.0

Ultrafiltration. - _______ 0 Low

Zone refining__________ 2600 ) High

98 Water requires no post-treatment; much
work needed to improve efficiency; in
early investigative stage.

92 Treatment of water not expected; unit
should be simple, but is dependent upon
development of suitable membranes.

85 Water may require some post-treatment;
unit should be capable of gravity-inde-
pendent operation; power may be fur-
ther reduced.

90 Water may require post-treatment; low
power requirement; in early investiga-
tive stage.

90 Treatment of water not expected; no
power required; small size unit, but is
dependent upon state of membrane de-
velopment; in early investigative stages.
80 Water may require some post-treatment;
power requirement increases rapidly as
yield is increased; may be difficult to
adapt to space systems.

» Data are averaged values obtained from industrial publications (ref. 1).

betical order,
b Energy expenditure to obtain 30 1b/day water.
° No data available at present.

INSTRUMENTATION

Attendant to any integrated waste manage-
ment system is the need for instrumentation
capable of monitoring the system performance
and final product quality. In addition, cabin
environment must be monitored for effects of
off-gases and system leaks. Components, such
as gas chromatographs, oxygen sensors, conduc-
tivity meters, pH meters, and so forth, are avail-
able or are being developed for instrumentation
of integrated systems.

MESA—An Integrated System

The Boeing life support system (MESA ) was
designed and built for the Office of Advanced
Research and Technology of the National Aero-
nautics and Space Administration. This system
includes all elements of life support for a 150

The processes are listed in alpha-

man-day space mission. A recently completed
test. of MESA (results not yet published) in-
corporated the following units in its waste man-
agement scheme:
(1) Separate fixed feces and urine collectors
(2) Waste treatment by aerobic activated
sludge
(a) All feces, urine and personal hygiene
waters processed by the biological culture
(b) Exhaust gases (approximately 2 1./
min) from this unit passed through silica gel,
a Hopcalite high temperature oxidizer, a
charcoal bed, and then into the chamber en-
vironment
(¢) Culture centrifuged outside of the
capsule on a batch basis and supernatant sent
to water recovery system
(3) Two separate water recovery units
(a) Supernatant evaporated under atmos-
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pheric pressure at about 220° F, vapors were
then oxidized by passing across a 720° to 800°
F platinum alumina catalyst

(b) Vapor condensation effected with an
ethylene glycol refrigeration unit and con-
densates further treated by mixed bed ion-
exchange, activated charcoal and disinfection
by ultraviolet light

(c¢) Atmospheric water reclaimed after
passing cabin air through a C.B.R. filter by
an ethylene-glycol refrigeration unit and con-
densate processed by pumping through a
Dynion bacteriological filter, a mixed bed ion-
exchange resin, and activated charcoal

Operational Data

The activated sludge process was monitored
by testing for dissolved oxygen concentration,
nitrites, nitrates, pH and COD (chemical oxy-
gen demand) in both the mixed liquor and su-
pernatant phases. All waste inputs were test-
ed for COD and total Kjeldahl nitrogen. In
addition, the culture exhaust gases were mon-
itored for oxygen, carbon dioxide, and nitrogen
dioxide concentrations. Recovered water was
monitored by conductivity, COD, nitrites, ni-
trates, ammonia, and bacteria. During the 30-
day period approximately 660 liters of waste
waters passed through the activated sludge unit
and the evaporator-oxidizer system. In addi-
tion, about 240 liters were recovered from the
cabin atmosphere. This gave an average usage
of 6 liters per man per day. The evaporator re-
quired daily draining and 'this water was lost
from the system as were the contained salts.
The volume of this drainage averaged 1 liter
per day which resulted in a recovery efficiency
of 94 percent.

The recovery of acceptable water from the
evaporator-oxidizer system required :

(1) Three activated charcoal beds at 1.77
pounds total or 0.013 pounds per man-day.
However, the third cartridge was still perform-
ing satisfactorily at test termination.

(2) Six Barnstead-Model 0808 mixed bed ion-
exchange columns at 21.2 pounds total which
is 0.142 pound per man-day. Again, the last
cartridge was still in use at the end of the test.

(3) An initial charge of 0.1 pound of acti-
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vated alumina catalyst was still operating after
30 days.

For this system the results indicate a maxi-
mum resupply weight (without charcoal and
ion-exchange regeneration) of 0.155 pound per
man-day. Turning to the recovery of atmos-
pheric condensates, this system required :

(1) One 3.3 Ib Dynion bacteriological filter
which s equivalent to 0.022 pound per man-day.

(2) Two ion-exchange cartridges similar to
those above for an average of 0.047 pound per
man-day. The second cartridge was still in use
at the test conclusion.

(3) Barnstead-Model 0812 organic removal
cartridges weighing 3.6 pounds each required
replacement after 18 hours use, resulting in a
weight of 0.96 pound per man-day.

Thus, for this system which recovered about
one-third of the total water, a maximum resup-
ply weight of 1.007 pounds per man-day would
be expected. During this test the condensate
water prior to filtration displayed a range in
COD of 200 to 600 milligrams per liter. It ap-
pears, with- the water quality criteria imposed
during this test (COD maximum of 25 mg/
liter) that some other method of treatment of
atmospheric condensates would be advisable.

The activated sludge culture was fed a total
COD of 7800 grams of which 4300 grams were
oxidized within the culture for a 55 percent
efficiency. This efficiency would have been
higher had the culture operated longer at steady
state conditions. The culture did not approach
steady state cell concentration until the test was
one-half over. Steady-state cell concentration
was approximately 33 grams per liter (as meas-
ured by COD). When adequately aerated,
foam in the culture was very heavy and neces-
sitated installation of control methods. Foam-
ing was also a problem in the evaporator sys-
tem as it is in any system where wastes are
heated. These problems were overcome by the
use of centrifugal defoamers.

Earlier it was mentioned that compatibility
with the other life support systems is a “must”.
Asan example, nitrites were formed within the
culture at dissolved oxygen concentrations in
excess of approximately 0.5 mg/liter and con-
sequently evolved as nitrogen dioxide. There-
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fore, silica gel and activated charcoal were in-
stalled for their removal. Curiously, nitrogen
oxidation stopped at nitrites and did not pro-
ceed to nitrates.

Another example of the necessity for auxil-
iary equipment required to maintain integrated
system compatibility is seen in the use of the
Hopcalite unit for reducing the bacterial con-
tent of the reactor exhaust gases. These gases
averaged less than 0.1 bacteria per cubic foot.

Although this system is not at the flight hard-
ware stage, it did provide a solid foundation
upon which further engineering design and re-
search and development may be based.
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Discussion: Waste Management
for Closed Environments

The preceding excellent summation of the
state of the art in waste management and the
press accounts of successful rocket launchings
cannot help but lead to the conclusion that al-
though we may have made great strides in the
development of the hardware for sending man
into space, we still have a long way to go be-
fore we shall have contrived a system for keep-
ing him alive in that perfected hardware. One
of the major problems hampering man’s at-
tempts to leave his terrestrial abode stems from
the fact that man, wherever he may dwell, in-
evitably is beset with a gradual and relentless
accumulation of his own wastes. As is true of
any living organism, man’s wastes constitute a
limiting factor, indeed a determining factor,
with respect to his continued survival in a
given environment—unless he can get rid of
those wastes or in some manner render them
innocuous.

What would seem to be the least difficult of the
problems of waste management to solve, namely
collection and transport of wastes, seems to be
as yet in the early developmental stage. The
simplicity of the collection and storage prob-
lem is only apparent, however, because the rigid
requirements imposed by the extremes to be en-
countered in space make even esthetic considera-
tions assume great importance. An individual
can tolerate a great deal of unesthetic emana-
tions, emissions, and so on, provided they origi-
nate from him; but he becomes extremely sensi-
tive when they come from others, and this sensi-
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tivity is magnified by close and prolonged con-
tact. Although such discomforts may seem
minor, under the stressful conditions of a space
environment, they have an extremely impor-
tant bearing on the continued efficient function-
ing of the crew. Although the difficulty can be
minimized somewhat by training the crew to
bear with such unpleasantries, the problem is
complicated by the cramped conditions to be
found in a space vehicle.

As Dr. Ott has pointed out in his paper, a
wide variety of approaches to waste treatment
are being tried, and rightly so, since it is only by
exploring a wide variety of methods that the one
most suitable will be found. Inasmuch as the
liquid wastes contain the greater part of the
water intake of the crew, reclamation of this
water must be an essential feature of treatment
of these wastes, at least for sojourns other than
those of the briefest duration. Reclamation of
the water contained in the solid wastes will as-
sume importance when journeys of a year or
longer are undertaken.

Of the liquid waste processes required in a
space environment, that involving the recovery
of water from urine seems to be the most diffi-
cult. This is due to the high content of volatile
materials in urine, which are readily carried
with the vapor phase in distillation, and which
are distasteful when contained in drinking
water, and to the fact that obnoxious urinary
residues are produced as a part of all but the
biological methods of treatment. The problem
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becomes very complex when feces are included
in the recovery system, and apparently a com-
pletely satisfactory method has yet to be found.

The integrated system developed by The
Boeing Company, a system which consists of
aerobic activated sludge units for treating all
liquid and solid wastes, and a combined distilla-
tion-pyrolization unit for water recovery, seems
to be a promising approach to the solution of the
problem. Theuseof an activated sludge system
for treatment of wastes prior to water recovery
eliminates the serious problem of distillation of
objectionable volatile substances along with
water vapor that occurs in strictly physical-
chemical methods of combined treatment and
water recovery. This isthe case because the vol-
atile matter has either been decomposed or has
been converted to cellular matter by biological
activity. Moreover, residues that remain are in-
nocuous and thoroughly stabilized. Compared
to those for physical-chemical methods, a rea-
sonably wide latitude is possible in operational
procedures for the activated sludge process.
Activated sludge systems are regenerative and
can be closely controlled to prevent a sludge
buildup. With suitable modifications—prob-
ably some form of compartmentalization—prac-
tically all the constituents of wastes can be
decomposed. For example, cellulosic and lig-
naceous materials could be decomposed by pass-
ing sludge through a chamber in which condi-
tions are such as to promote growth and activity
of a populafion that is predominantly actinomy-
cetes. As with most biological processes, the
activated sludge system is relatively simple,
and because it is simple, it is reliable.

As with all good things, the use of activated
sludge is accompanied by certain disadvantages.
The major disadvantages are that the use of
activated sludge adds to the oxygen demand in
a closed system, since the process is aerobic, and
it adds to the carbon dioxide load because of
the metabolic activity of the aerobic bacteria
involved. In addition to the burden placed on
the gas-exchange system, other problems, more
or less physical in nature, are encountered. One
of these is the necessity of providing a uniform
supply, that is, distribution, of oxygen through-
out the aerobic bacterial culture. The efficiency

of the activated sludge culture is a function of
the effectiveness of aeration. As Dr. Ott stated,
the aerating problem is accompanied by the
nuisance of foaming, a problem also character-
istic of terrestrial plants.

In the Boeing setup, the source of oxygen is
sodium superoxide, while carbon dioxide is re-
moved by a lithium hydroxide bed as a back
carbon dioxide scrubber. Since these methods
constitute open systems, they will suffice only for
voyages of relatively short duration.

As an alternative method of treating liquid
wastes, one way would be to introduce them
directly into an algal-bacterial culture.
Through rapid bacterial action, they would be
converted into nutrients suitable for algal
growth, and thereby would be converted into
algal cellular material. Since the system would
have a photosynthetic phase, it would supply
its own oxygen. As with activated sludge—
and, indeed, the same types of organisms which
predominate in activated sludge are also the
active forms in an algal-bacterial culture—no
objectionable odors or residues are produced.
Water can be recovered directly from the cul-
ture by evaporation induced by the conversion
of wasted light energy to heat, and then con-
densing the water vapor. The need for pyrol-
ysis probably would be obviated. Used in com-
bination with a separate activated sludge cul-
ture, the system could be expanded to treat.solid
wastes as well. Solid wastes would be handled
in the activated sludge culture. Photosynthesis
carried on by the algae in the algal-bacterial
culture used for liquid waste treatment would
serve as the oxygen source for the activated
sludge culture and for disposing of the carbon
dioxide evolved by the latter.

Heretofore, a major problem in the incorpora-
tion of photosynthetic systems into waste treat-
ment systems, and for that matter, into gas ex-
change systems, has been one of providing the
growth conditions need for maximum efficiency
in all the functions of the photosynthetic phase
of the system without having to pay an excessive
penalty in the form of weight, volume, and
power requirements. If algal-bacterial cultures
are used to provide the environmental control,
shallow, vigorously mixed, omnilaterally illumi-
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nated cultures are needed so that high rates of

* oxygen production, carbon dioxide utilization,

and transfer of the two gases may be obtained.
Confinement of the cultures between glass or

- plastic walls to accomplish depth -control,

illumination, and mixing gives rise to difficult
problems in cleaning the confining walls to per-
mit the unimpeded entry of light, in aerating
the cultures to bring about gas exchange, and in
cooling the cultures so as to maintain a proper
thermal environment. The use of double-walled
vessels also results in a high ratio of growth
unit to active culture weight.

In an attempt to reduce the weight, volume,
and power penalties normally accompanying
the use of a photosynthetic system in waste
treatment, W. J. Oswald of the University of
California designed a unit, which he named the
“algatron,” that embodies a drastic departure
from the present concept of what a suitable
growth design feature should be. The unit is a
rotating transparent drum in which the algal
culture is held as a thin vertical film against the
wall by the centrifugal force set up by the rota-
tion. The film thickness is regulated by the

762—-318 0—65——S8

rotational velocity of the drum, by the ratio of
volume of culture to the capacity of the drum,
and by the use of specially designed scoops. The
resulting unit constitutes a novel, lightweight
system in which photosynthetic and nonphoto-
synthetic microorganisms can be cultured at a
controlled depth either in a weightless environ-
ment or in a gravitational field. It is designed
to utilize light and electrical energy efficiently,
and thereby permit incorporation of algal-
bacterial cultures into closed ecological systems
for oxygen generation, carbon dioxide absorp-
tion, waste treatment and recovery, and low-
temperature water distillation with a minimum
of weight, volume, and power penalty. Despite
the use of a rather makeshift preliminary
model and an even more makeshift light
chamber, he was able to exceed the efficiencies
and yields obtained in other experiments with
a 3.5-mm culture in a more conventional unit.
At present, we are constructing a more sophisti-
cated version of the algatron, with which we
hope to explore in more precise detail the poten-
tial of the unit as a part of a waste treatment
complex.
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Comments: Session 11

Dr. HoLLy: Why is there a requirement of
100° F for 6 months storage on the food prior
to placing it aboard the vehicle?

Dr. Gorueke: This statement concerned simu-
lation now for realistic analysis from the time
of production to the time of use. In other
words, 6 months is the maximum storage life
that we would like to have for these foods con-
sidering the most adverse conditions.

Dr. McKkke: Dr. Ott, what problem is there
in activating the sludge system in the absence
of gravity?

Dr. Orr: The first problem we had was with
the foam. We couldn’t tell where our level was
and we had to incorporate it on the spring. It
is not ready to go into operation. We think
that where it is used on planetary basis or lunar
basis it would have some advantage. Placing
it in a closed vessel and compacting the air
through a pump in a closed system is our plan.

Dr. Suear: Dr. Lachance, in the disinfect-
ants in the bag, is there a pH indicator?

Dr. Lacuance: No. There is a dye which
serves two or three purposes: first, the esthetic to
make the feces look like something besides feces
during the kneading processes and second, and
probably more important, for the germicide to
be effective it must be well mixed. There can-
not be pockets of unmixed feces. The dye is
added primarily for efficiency.

Dr. Surar: Are you dealing with a germicide
and not a disinfectant ?

Dr. Lacuance: It is a germicide supposed to
inhibit all growth. The germicide itself is not
colored but the dye is there as an indicator of
adequate mixing.

Dr. SuEar: What is the germicide?

Dzr. Lacuance: It is a Quartermaster de-
veloped germicide used for latrine disinfection,
in a more concentrated form.

Dr. HessBere : When we first started using the
germicide, we found out there was no way of
knowing when it was thoroughly mixed through
the feces, and the dye was added merely as an
indicator to tell.

Miss Garn: Dr. Golueke, you spoke of the

possibility of jettisoning the fecal matter over-

board. Is that being seriously considered?

Dr. GoLueke: It has been. The fecal matter
has to be ground to micron size so that it does
not make debris in space. It would be disin-
fected.

QuesTion: Dr. Ott, what is the dilution
factor of feces and urine compared with the
sanitary sewage water?

Dr. Orr: We used 414 liters per man per day.
Itis4:1.

Dr. Myers: Dr. Hessberg, there has been talk
about the regenerative systems and concern with
what the design numbers were. In the preced-
ing papers data were presented on the prepara-
tion of dehydrated foods. What is the design
figure in pounds per day?

Dr. HessBere: The value is 1.3 pounds per
man per day.

Dr. MyEers: How much water does that still
contain ?

Dr. HesseEre : About 2 to 3 percent water.

Dr. Myers: What is the design figure for
water per day ? ‘

Dr. HessBerc: For a normal temperature
cabin environment, 5 psi, 100 percent oxygen,
6.6 pounds per man per day. Calculating cer-
tain mission modes, suited and so forth, it has
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gone up to as high as 14 pounds per man per
day in the lunar excursion module for the 24-
hour mission requirement and the 24-hour addi-
tional contingency. This is water for nutrition,
not hygiene.

Dr. Vanperveen: Does that figure include
the container for the food ?

Dr. Hesseerc: That is the food package, the
console container—not the metal container but
the overwrap and the food content; 1.3 pounds
per man per day which is about 2500 calories
daily.

Dr. Lucgey : Has a modified BMR been run
on the astronaut wearing a space suit.?

Dr. Hessserc : It has not been done at zero-g,
nor has it been done in the laboratory. It will
be done when we get into some of these well
modulated, well studied programs in the flight
program.

Dr. DEr Duca: In the studies in which 6g
conditions were simulated by orienting the sub-
ject 9° to the horizontal, are the values for the
suited astronaut?

Dr. HessBera: There are metabolic data but

they could hardly be called BMR data. They
are working basal metabolic rates.

Dr. Jones: I think we might begin to examine
the kind of physiological adaptation that the
suited operator will exhibit on exposure.

Dr. HessBerG : A good deal depends on train-
ing. An individual who has worn pressure
suits before will certainly exhibit, just from
that amount of training and familiarization, a
lower average calorie expenditure than some-
one who is in a suit for the first time. There
are even differences between suits and the fit
of the suit.
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A little over a year ago the Working Group
on Nutrition and Feeding Problems of Space
Science Board, National Research Council,
organized a Symposium on Food and Nutri-
tional Problems in Prolonged Space T'ravel at
the meeting of the Federation of American So-
cieties for Experimental Biology. The discus-
sions made it quite clear that precise knowledge
of the nutritional requirements is grossly in-
adequate to predict with confidence the long-
term meeds of individuals on Earth, much less
of astronauts on space voyages, before we know
the effects of the added stress. It was shocking
to many that our information on the variation
of nutrient requirements in individuals because
of genetic and environmental factors was so
limited. It is true, however, that recommended
allowances are developed to provide reasonable
safety for most persons in population groups.
By the same token, an unnecessary excess is pro-
vided for most individuals, but the recommenda-
tions are still inadequate for a few.

In October 1963 the WHO/FAO Expert
Group on Protein Requirements debated protein
and amino acid requirements for mearly 2 weeks
with no concern for the added problems of con-
sidering them under the conditions of space

flights. Again, lack of much of the fundamen-
tal knowledge required was surprising and
their report details experimental data which
must still be obtained. Although in Session
Il a list was given of proposed standards
for the nutrients to be supplied by the daily
diet of the astronaut based on recommended
dietary allowance, I am sure that discussion in
this session will indicate that these are unneces-
sarily liberal for some individuals and could
prove inadequate for an astronaut whose mutri-
tional needs are unusually great. We tend to
forget that variations in requirement as great
as 300 percent have been described for certain
of the essential amino acids in young men
women, even when environmental differences
are minimal and subjects are protected from
stress.

T his session will place major emphasis on the
limitations of our knowledge and on the urgent
need for more research rather than on pres-
ent knowledge and state of the art. Rations
planned for future astronauts should not only
meet their special nutritional requirements but
should also provide an added margin of safety
for the duration of the mission.

NEVIN SCRIMSHAW




Caloric Requirements
of Long Flights

Some of the most qualified observers in the
field have stressed constantly that one of the
essential factors for top physical efficiency of
active men is the maintenance of good nutrition
and health. There is no question that failure of
an individual to comply with certain basic phys-
ical and mental requirements will eventually
lead to inadequate performance. Three basic
conditions must be complied with to maintain
top physical performance (ref. 1). These con-
ditions are concerned with (a) the general phys-
ical and mental health of an individual, (b)
adaptation to and control of the environment,
and (c) adequate nutrition. Factors important
in optimal nutrition include (a) quantity and
quality of food, (b) energy requirements for the
resting and basal metabolic states, (c¢) the spe-
cific dynamic activity of foods (usually equal
to 10 percent of the basal calories when consum-
ing a mixed diet), (d) anticipated excretory
losses (including urine, feces, and sweat), and
(e) requirements for specified physical activi-
ties.

These factors can be complied with only by
defining the minimal energy requirements or
allowances that will prevent the eventual
breakdown of men living and working under
extreme environmental conditions. The daily
calorie allowances prepared by the Committee
on Dietary Allowances of the National Research
Council (NRC) (ref.2) and the Food and Agri-
culture Organization (FAO) of the United Na-
tions (ref. 3) have been devised to provide
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energy in sufficient quantities to maintain body
weight or rates of growth at proper levels. Al-
lowances are adjusted so that individuals are
maintained in energy equilibrium.

REQUIREMENTS (NRC, FAO)

The caloric requirements are usually deter-
mined by at least five variables including age,
sex, physical activity, environmental tempera-
ture, and body size and composition. Other
variables may include relative humidity, radia-
tion, and altitude. In preparing requirements
or allowances for individuals the FAQ and
NRC have utilized the “reference man or
woman.” The NRC’s daily allowance for the
reference man living in a temperate environ-
ment of 20° C is now set at 2900 kilocalories per
day. This reference man is defined as being 25
years of age, weighing 70 kg, and performing
moderate physical activities. Table I shows the
increased caloric allowances in relation to in-
creases in body weight.

The FAO also uses a reference man 25 years
of age, but with a lower body weight of 65 kg,
living in a temperate environment of 10° C. It
has been shown that the energy requirements are
decreased with an increase in age because of
the decreased basal metabolic rate and the less-
ened physical activity. The new (1964) NRC
allowance has reduced the energy requirement
by 5 percent for each decade between the ages of
35 and 55 years, by 8 percent for each decade

11
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from 55 to 75 years, and By 10 percent in the
decade after 75 years. As an example, at 45
years of age the allowances are decreased by 5
percent and at 65 years they are 18 percent less
than at age 25 years.

TasLe L.—Caloric Requirements of Adult Males

Kilocalories required at age:
Body
wt., kg 25 25 45 65

(FAO (NRC (NRC (NRC

1957)» | 1964)® | 1964)® | 1964)®
45 2453 | o} e o
50 2644 2300 2050 1750
55 2831 2450 2200 1850
60 3016 2600 2350 1950
65 3198 2750 2500 2100
70 3379 2900 2600 2200
75 3557 3050 2750 2300
80 3734 3200 2900 2450
8 | ... 3350 3050 2550

* Mean environmental temperature of 10° C and
average physical activity (ref. 3).

b Mean environmental temperature of 20° C and
average physical activity (ref. 2).

In 1947 Johnson and Kark published their
work (ref. 1) showing that the energy require-
ments of men were inversely proportional to
the environmental temperature. (See fig. 1.)
These data were collected on normal healthy
American and Canadian military personnel
consuming rations that were provided for tem-
perate, extremely hot, and extremely cold en-
vironments in North America, Europe, and
Asia. The figure shows that at 35.5° C the
energy requirements of men performing mod-
erate physical activity were 3000 kilocalories per
day, while at —29° C the daily requirements
were approximately 5000 kilocalories per day.
Johnson and Kark observed that the increase in
requirements in the cold could not be explained
in terms of size or different physical activities,
but believed that the increased energy require-
ments in the Arctic were due, in part, to the
increased needs for maintaining thermal equi-
librium and to the binding or “hobbling” effect
of the clothing worn. This was later confirmed
by Gray et al. (ref. 4) who measured the energy
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FiGuRE 1.—Relation between voluntary caloric in-
take of North American troops and environmental
temperature. Averages for groups of 50 or more
men, with abundant food supplies in different
parts of the world.

expenditure of men engaged in hard physical
activity in three different environments while
wearing standard arctic, temperate, and desert
clothing. The results showed that the energy
expenditure for a given amount of external work
performed at a constant temperature increased
approximately 5 percent when the clothing was
changed from desert to temperate attire and
approximately 5 percent more when the cloth-
ing was again changed from temperate to arctic
These authors regarded the heavy cloth-
ing as playing a major role in the increased re-
quirements at the lower environmental temper-
atures but felt that the requirements under these
conditions could not be increased by more than
100 kilocalories per day. Belding et al. (ref.
5) also observed that as the bulk of the cloth-
ing was increased, there was a greater increase
in energy expenditure than could be accounted
for by the increased weight of the uniform. As
a result they also attributed the extra energy

wear.
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expenditure to the “hobbling” effect of the cloth-
ing worn.

On the basis of the work of Johnson and Kark
(ref. 6) the recommended dietary allowances
of the Food and Agriculture Organization of
the United Nations (ref. 8) and NRC’s Food
and Nutrition Board (ref. 7) were adjusted
for climatic differences. The FAO formula
employs a 5 percent decrease in food consump-
tion for every 10° C above the base temperature
of 10° C, and a 3 percent increase in food intake
for every 10° C below the base temperature of
10° C. This would mean a decrease in require-
ments of 15 percent at 40° C and an increase in
food requirements of 9 percent for men living
at —29° C. The NRC formula employs a base
temperature of 20° C and increases the allow-
ances at lower environmental temperatures by
5 percent for the first 10° C decrease in tem-
perature and by 3 percent for every additional
10° C decrease in temperature. Allowances for
higher environmental temperatures are reduced
5 percent for each 10° C increase above the base
temperature of 20° C. This would mean an
increase of 14 percent in the allowances of men
living at —20° C and a decrease of 10 percent
for men living at 40° C.

The new NRC caloric allowances (ref, 2) for
cold environments, assuming an adequately
clothed individual, are not increased except to
compensate for the 2 to 5 percent increase in
energy expenditure due to carrying or wearing
of the cold-weather clothing (hobbling effect).
Under conditions where the individual is not
adequately clothed the allowances are increased
to provide for the increased metabolic rate of
shivering. The new NRC allowances for hot
environments suggest that the energy require-
ments are increased in men performing pre-
scribed work and living at high temperatures.
They recommend little or no adjustment of
requirements when living at environmental
temperatures between 20° and 30° C, but with
increased activity the requirements should be
increased by at least 0.5 percent for each degree
rise in environmental temperature between 30°
and 40° C (5 percent increase for 10°).

The work of Johnson and Kark (ref. 6) has
been the subject of controversy for some time,
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and a considerable amount of work has been
done in this area during the past 10 years to
clarify these conclusions. Some of the main
criticisms of this work have been (a) that the
men living in the cold may not have been ade-
quately clothed, (b) that the men in each area
were not performing the same grade of physi-
cal activity, (¢) that there may have been dif-
ferences in the methods of measuring food
intake, and (d) most important, that the body
weights of these men were not comparable.

A review of the literature on the relationship
between energy requirements and environmental
temperature is now presented.

TEMPERATE ENVIRONMENT

During the past 10 years a program of sur-
veys to determine caloric requirements has been
in progress at the United States Army Med-
ical Research and Nutrition Laboratory
(USAMRNL), Denver, Colo., and to date has
included studies at U.S. Army camps (refs. 8 to
15) and on our metabolic ward. These surveys
were all performed under temperate environ-
mental conditions and were designed to measure
the food intake of individuals performing light,
moderate, and heavy physical activities (table
IT). On the basis of these data one can pre-
sume that the kilocalories consumed per kg of
body weight may range from 32 to 44 for men
performing light physical activities, 45 to 52
for moderate, and 53 to 63 kecal/kg for men per-
forming heavy physical activities. This maxi-
mum activity rate of 4200 keal/day for the
trainees is equivalent to a man working at a rate
of 5 keal/min for an 8-hour day (2400 kcal) plus
1800 kecal (112 keal/hr) for the remainder of
the day.

COLD ENVIRONMENT

Some of the greatest advances in studies of
the effects of cold were made by Rubner (ref.
16) who found that the metabolic rate of the
clean-shaven dog was markedly increased in the
cold. Magee (ref. 17), working with goats, ob-
served a slight increase in the metabolic rate
below environmental temperatures of 55° F.
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TaBLE IL.—Summary of Studies on Relation of Physical Activity to Caloric Intake in a Temperate
Environment ®

Physical activity Body wt., keal keal/kg
kg body wt.
Low
30 min/day light activity (ref. 9) . ___ .. ____ 80.5 2716 33.7
Light to moderate '
180 min exercise (ref. 10) _ _ . _____ . __ . ____. 84.6 3097 36.6
90 min exercise (ref. 11) _ _ _ __ . oo 73.2 3149 43.0
100 min exercise (ref. 12) _ _ _ ___ e eiaees 73.2 3240 44.2
Moderate
3 hr exercise (ref. 13) ______ ... 80.6 3547 44.0
3 hr exercise (ref. 14)___ . e maoo 59.1 2812 47.6
3 hr exercise (ref. 15) . _ o ___ 71.3 3137 43.8
Heavy (training)
Camps:
Pickett (ref. 8) .. 69.6 3698 53.1
Riley (ref. 8) oo e 69.7 3952 56.7
Ord (ref. 8) - - oo 70.3 4179 59.4
Benning (ref. 8) - . __.__ 68.4 4227 61.8

s In all studies food consumption was measured by chemical analysis of food composites.

Lefevre (ref. 18), Herrington (ref. 19), and
Schwabe et al. (ref. 20), working with small
animals, reported a significant increase in meta-
bolic rate that was presumably due to extreme
cold. In studies on the nude man, Hardy and
Soderstrom (ref. 21) observed that the basal
metabolic rate increased as the environmental
temperature dropped below the critical tempera-
ture. This increase in metabalic rate was shown
to be linear but it was not considered to be
significant in nutrition since the human animal
normally protects himself against extreme en-
vironmental temperatures by wearing warm
clothing. In addition, he lives in a home with
a central-heating system and is transported in
heated vehicles. Many workers in the field were
convinced that the increase in metabolic rate
in the cold was due to shivering, but Swift (ref.
22), studying the increase in metabolic rates of
men in the cold, was convinced that any increase
was due to increased muscular tension. On the
other hand, Hardy and DuBois (ref. 23), who
found that women showed an earlier increase in
metabolic rate with cold than men, without
frank shivering, considered muscle tension to be
insufficient to account. for the increase in meta-
bolic rate. Crile and Quiring (ref. 24) and

Rodahl (ref. 25), working with Eskimos and
Indians living in a subarctic environment, ob-
served the basal metabolic rate to be from 14 to
29 percent above normal standards, but they at-
tributed this increase to dietary factors and to
apprehension. Increases in basal metabolic
rates in the cold have also been reported by
Krogh and Krogh (ref. 26), Rabinowitch et al.
(ref. 27), Heinbecker (ref. 28), and Haygaard
(ref. 29). On the other hand, Bollerud et al.
(ref. 830) observed only a slight increase in the
basal metabolic rate of Eskimos when compared
with Air Force personnel, and Levine (ref. 31)
found the basal metabolic rates of Eskimos to be
similar to those of whites.

A review of the cold-weather studies up to
1957 is presented in table ITI.

Rodahl (ref. 833) published a study on the
energy requirements of men living the year
round in Alaska. In this study it was observed
that the energy requirements were not increased
in any environment, but these men were ade-
quately clothed when outdoors and in work
areas, and they lived and slept in barracks that
were maintained at a temperature of 24.0° to

29.5° C.
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TaBLE II1.—Summary of Studies on Relation of
Physical Activity to Caloric Intake in a Cold

Environment

Body kecal/kg
Physical activity vlzt., keal |body wt.
g
Light to moderate:
Ref. 32 ___________ 71.2 | 3178 | 44.6
Ref. 33 . ________ 70.6 | 3250 | 46.0
Moderate:
Ref. 834, ______.___ 75.6 | 3750 | 49.6
Ref.34_ ____ . ____._ 74.1 | 3335 | 45.0
Ref. 14 ______.____ 68.1 | 3356 | 49.3
Moderate to heavy:
Ref.35. . _____. 69.9 | 3664 | 52.4
Ref. 35 . __.__ 71.1 | 3764 | 53.0
Ref. 36, __.__.____ 73.1 | 3730 51.0
Heavy
Ref. 37 . ________. 67.3 | 4259 63.3
Ref.834__. _________ 73.8 | 4260 | 57.7
Ref.14______.______ 69.7 | 4196 60. 2

Stadler et al. (ref. 36) agreed with the work
of Rodahl (ref. 33) and also concluded that
troops performing normal duties in a subarctic
environment would not require more than 3500
kcal/day in either summer or winter. On the
other hand, their results disagreed with the
work of Johnson and Kark (ref. 6), Swain et al.
(ref. 38), and Kark et al. (ref. 39), who re-
ported much higher caloric intakes for men
working under reasonably similar conditions.
They recommended further studies of men liv-
ing in extremely cold environments.
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A strictly controlled study by Welch et al.
(ref. 40) was designed to obtain information
concerning the maximal caloric requirements for
men existing on a self-sufficient basis in the Arc-
tic and performing hard physical work for ex-
tended periods. Caloric intake, fluid balance,
and body composition were studied in a group
of 26 men during a 28-day stay at Fort Church-
ill, Manitoba, Canada. (See table IV.) The
first 7 days were spent in a prebivouac situation
preparing for the bivouac. The remaining 21
days were spent in the field in a moving self-
sustaining bivouac. The mean outdoor tem-
perature averaged —21.8° C for the three biv-
ouac periods.

During the prebivouac period the caloric in-
take averaged 3355 kcal/man, or 48 kcal/kg
body weight, for moderate activity. During the
bivouac period the intake was increased to 4196
kecal/man/day. This value may be regarded as
a maximal value for sustained (more than 5
days) hard work in the cold. These men exer-
cised vigorously, marching at least 8 miles a day,
in addition to pulling sleds with their field
equipment. Each morning the men broke camp
and in the evening they made camp at a new site.

A small loss in body weight did occur during
the bivouac periods but the attempt to correct
for this loss was of dubious validity. The basic
assumption in a manipulation of thiskind is that
the man is at the optimal weight, from the stand-
point of work performance, when he begins the
study. This probably is not true since a “bene-

TABLE IV.—Food Consumption During Heavy Physical Activity at Fort Churchill, Canada ® (from ref. 40)

Percent of total calories consumed
Body wt., | kecal/kg
Bivouac week kcal kg body wt.b .

Protein Fat Carbo-

hydrate

Controlday 1____________________| _____. 70.8 | ool | ocemeae | emeeee | aeeeee
Yo ___ 3902 70.2 56.6 14.8 37.3 47.9
m.. . 4199 69.7 61.6 14.6 36. 4 49.1
I 4488 69.1 65.5 14.3 36. 2 49.5
Mean (21 days) oo oo ___ 4196 | __.... 61.2 14.6 36.6 48.8

*» Mean for 26 men.

b Weight loss of 1.2 kg for 21 days or 56.6 g/man/day, which was apparently water, on the basis of water balance

and deuterium space calculations,
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ficial” redistribution and/or loss is likely to oc-
cur with continued heavy physical activity, that
is, substitution of muscle for fatty tissue. An
assessment of the body composition change in
the study of reference 40 yielded a slightly dif-
ferent picture, depending on the method utilized
for detecting the changes in composition. It
seems clear, however, that the food intakes re-
corded during the bivouac periods in this study
were very similar to the actual energy require-
ment. During the prebivouac period, when the
men were sleeping and eating indoors but work-
ing outside, the mean caloric consumption was
3355 keal/man/day and the mean outdoor am-
bient temperature was —32.9° C. During the
bivouac periods the mean intake was 4196
kcal/man/day and ambient temperature was
—21.8° C. Although the temperature in-
creased 11.1° C. between these periods, the food
intake increased as the men worked harder. In
other words, the food intake was not associated
with the mean outdoor temperature, but with the
activity level. The time per day spent outdoors
was somewhat less in the prebivouac than in the
bivouacsituations.

In view of these studies, it would seem that in
a cold environment a caloric requirement of
4200 to 4500 kcal/man/day should be adequate
for men who are working hard and living on a
self-sufficient bivouac basis. This value should
be regarded as maximal for all but the most
strenuous short-term (1 to 5 day) work
situations.

It is important to assess the physical activity
level for an operation in a given environment
prior to establishing the caloric (food) logistics.
Although a cold environment has a well-known
stimulating effect on the metabolic rate when
the body is cooled, body cooling may occur dur-
ing only a small fraction of the day in the well-
clothed man, working and residing in the cold.
His “macro” climate (outdoor ambient condi-
tions) is far different from his “micro” cli-
mate (inside his clothing). In situations where
extensive body cooling results in shivering and
involuntary muscular activity, an elevation in
metabolic rate occurs, thereby increasing the
daily energy requirements.

Welch et al. (ref. 40) concluded that there

was no basis for the idea that the energy re-
quirements should be increased in the cold un-
less (a) enough time is spent in the cold to make
a man shiver, (b) a man wears extra-heavy
clothing which would impose a resistance to
body movement, or (¢) an individual wears
heavy footgear which would result in an in:
crease in energy expenditure.

Le Blanc (ref. 41), using both direct and in-
direct evidence, also reported that there was no
correlation between the energy requirements
and environmental temperature usually encoun-
tered in temperate, subarctic, and arctic regions.
The conclusion of both these authors and of
Rodahl (ref. 33) was contrary to all published
data in the literature at that time.

The energy requirements for men performing
the various grades of physical activity can be
classified in terms of kcal/kg of body weight.
These values for sedentary to light physical ac-
tivities range from 35 to 40 kecal; for light to
moderate activities, 43 to 46 kcal; for moderate
activities, 47 to 50 kecal; for moderate to heavy
physical activities, 51 to 55 kcal; and for very
heavy physical activities, 57 to 68 kcal/kg of
body weight.

HOT ENVIRONMENTS

Mitchell and Edman (ref. 42) performed a
comprehensive survey of the literature up to
1949 and found many studies on the effects of
high environmental temperature on the basal
metabolic rate, but they observed that the con-
clusions drawn by the various investigators
were very divergent. In two separate reviews
De Moura Campos (ref. 43) concluded that the
basal metabolic rate was decreased in hot humid
environments, but, on the other hand, Albagli
(ref. 44) concluded that the basal metabolic rate
was independent of any environment. Burton
et. al. (ref. 45) observed a slight decrease in
the motabolic rate of men living in hot environ-
ments. Mitchell and Edman (ref. 42) also ob-
served that the energy requirements were de-
creased in the heat and concluded that it was
due primarily to (a) a lowered basal energy
expenditure, or a greater efficiency in perform-
ing various types of physical activities, associ-
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ated with the wearing of lighter clothing, (b)
a lessened capacity for work, or (c) a lessened
motivation, or a combination of all three. Swift
and French (ref. 46) concluded in their study
that the food intake was decreased in the heat,
and that in some cases the proportion of cal-
ories from fat intake was increased when men
were exposed to heat for considerable periods
of time.

On the other hand, as far back as 1924, Ma-
gee (ref. 17) observed a significant gradual in-
crease with temperature in the metabolic rate of
goats living at ambient temperatures above
21.2° C. He noted this increase to be from 34.5
kcal/hr at 22.8° C, to 41.0 kecal/hr at 31.1° C
and 44.0 keal/hr at 36.0° C. He related this to
the increasing effort of the animals to dissipate
heat. Similar significant increases in metabolic
rates have also been observed by Welch et al.
(ref. 47), Shapiro et al. (ref. 15), and Harring-
ton (ref. 19).

Since very little information was available on
the energy requirements of men living and
working in the heat, the USAMRNL embarked
on studies in this area, to evaluate the daily
requirements.

A preliminary desert study was conducted by
Consolazio et al. (ref. 48) to attempt to estab-
lish the minimal energy requirements and nu-
tritional status of troops performing light
physical activities, while living in an extremely
hot environment. (See table V.)
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The mean daily temperature averaged 33.7°
C and 35.0° C for the two periods, respectively,
and the maximum averaged 43.8° C and 42.8° C
for the same periods. The mean daily humidity
averaged 21 and 25 percent for the two respec-
tive periods.

Over a 13-day period the food consumption
from all sources averaged 4065 kcal for the
headquarters company and 4416 kcal/day for
the military police group. Since the body-
weight changes were negligible, no correction
was made for body composition changes. The
food intake in this study was comparable to that
of men performing hard physical work in either
a temperate or a subarctic environment. These
values are considerably higher than the 3096
keal/day that would be calculated for men per-
forming light physical activities at the prevail-
ing temperature according to the formula re-
commended by the NRC’s Committee on Dietary
Allowances (ref. 7), and the FAO of the United
Nations (ref. 8). On the basis of this study
(ref. 48) it was first shown that there was a
definite increase in the food consumption of per-
sonnel living and working in the heat. This
was not in agreement with the published obser-
vation of Welch et al. (ref. 14) and Le Blanc
et al. (ref. 41). It should be pointed out that
these workers may have been working under
somewhat different conditions and that their
conclusions were too broad. It is felt that the
high food consumption observed in this study

TaBLE V.—Food Consumption During Light Physical Activity in Hot Desert Environment of Yuma, Ariz.®
(from ref. 48)

Kilocalories Protein Fat Carbohydrate
Group
keal/kg Percent Percent Percent
Total body g of total g of total g of total
wt. calories calories calories
Headquarters Co.:
Period T_____________.___ 3999 | __.___ 123.5 | .- 179.1 | —-._. 453.9 | ___._
Period IT_____________..__ 4130 55.3 126.4 | 12. 4 183.9 | 40.2 473.9 | 47.4
Military Police Co.:
Period I___ ... __.______ 4237 | -.__-. 128.5 | -----. 198.9 | ... 473.8 | ..
Period IT. ... __.._______ 4595 60. 7 143.4 | 12.3 205.9 | 41.2 527.4 | 46.5
Mean, both groups___.__.______ 4240 | oo | ool 1204 | .. 40.7 | coc--- 46. 9

» Average/man/day.
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could be related to the hours of exposure to
direct sunlight and the outdoor heat, the rate
of sweating, and the increased body temperature
of personnel exposed to an extremely hot en-
vironment. All these factors aid in increasing
the energy requirements. Since the men in this
study were not on a constant daily physical-
activity regimen, and since the food intake of
the individual man was not measured, a subse-
quent controlled study was designed.

In 1959, Consolazio et al. (refs. 10 and 49)
conducted a strictly controlled study in the ex-
tremely hot desert at Yuma, Ariz., in an at-
tempt to answer some of the questions pertinent
to the energy requirements of men living and
working in the heat. The effects of solar radia-
tion and extreme heat on the energy require-
ments of men performing a constant daily ac-
tivity and on an ad lib. food and water intake
were evaluated from (a) the 'daily energy ex-
penditure and energy balance, (b) the fluid and
nitrogen balances, (c) the sweat rates, (d) the
body-temperature changes, (e) the daily body-
weight changes, and (f) changes in body com-
Pposition,

The study was divided into three 10-day ex-
perimental periods, using eight normal, healthy,
young conscientious objectors as test subjects.
During period I the men were kept outdoors
in the direct sunlight. from 7 a.m. to 5 p.m. daily
(40° C). In period IT the men were also out-
doors (40° C) but were kept in the shade under
a large tarpaulin, and during period IIT the
men were moved indoors into an air-conditioned
room. In the first two periods, as well as the
last period, the men lived in air-conditioned
barracks at 26° C from 5 p.m. to 7 a.m. daily.
Food was supplied ad lib. during the meals and
only measured soft drinks and an occasional
measured beer could be consumed after the even-
ing meal. For convenience, a normal army gar-
rison ration was fed during the entire study.

The energy cost of the various daily activities
was measured both morning and afternoon by
means of indirect calorimetry using Muller-
Franz metabolimeters (ref. 50). Activities
measured included walking on a treadmill, rid-
ing a bicycle, and the various resting activities.
The daily activity level was kept constant

through the entire experiment and included a
walk on the treadmill at 4 miles/hr for 30 min-
utes and riding a bicycle for 45 minutes, both
in the morning and in the afternoon. The men
spent the remainder of the time in sedentary-
type activities.

Body-weight changes were an integral part
of the study and were measured at the begin-
ning and at the end of each 10-day period.
Blood volume, hemoglobin, hematocrit, and
plasma proteins were also measured at the be-
ginning and at the end of each 10-day test
period. Other pertinent data collected in-
cluded daily fluid, nitrogen, and energy bal-
ances.

The average daylight temperatures for each
period were 40.5° C for period I in the hot sun,
40.3° C during period II in the hot shade, and
26° C for period III in the cool shade. The
relative humidity averaged 30.3, 48.0, and 58.5
percent for the same periods, respectively. The
evening indoor temperatures were fairly con-
stant during each period, averaging 24.1°, 24.3°,
and 26.1° C, respectively.

The daily morning body weight changes were
small for each period, showing a gain of 62, 36,
and 17 g/man for periods I, IT, and IIL. (See
table VI.) The blood volumes showed an aver-
age increase of 225 ml in period I, a decrease of
212 ml in period II, and a decrease of 20 ml in
period IIT. (See table VII.) Hemoglobin
and serum proteins were not significantly dif-
ferent for all periods, but the hematocrit values
showed a significant decrease of 2.5 percent at
the end of period I and a significant increase
of 1.8 percent in period I1.

The sweat rates, including insensible water
loss, averaged 6382, 4900 and 2050 g/day. As
expected, all differences in sweat rates between
periods were highly significant. The nitrogen
balances for the three test phases are presented
in table VIII. These values averaged —0.42,
—0.66, and +1.39 g of nitrogen per day for the
three phases.

The daily food consumption is also presented
in table IX. The intakes for period III were
significantly lower than those for either period
TorII (P <0.005).
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TABLE VI.—Energy Requirements Calculation From Body Composition Changes (from ref. 49)

Period I, Period II, Period 111,
hot sun hot shade cool shade
g keal g keal g keal
(a) Bomb calorimetry (M.E.) _____ . _________._. e 3560 R 3516 e 3156
(b) Body-weight change__.______________________ + 62 U +36 ——— +17 -
(¢) Water balance_ __ . _________________________ +120 el +121 e —55 -
(d) Weight change not due to water retention or
Toss, () — (€)oo oo oo —58 - —85 U +38 -
(e) Protein balance, NX6.25_ _ _ . _______________ —-2.7 - —4.2 - +8.6 R
(f) Weight change not due to water or protein
(due to fat), (d)—(e) o .o oo —55 S —81 - +47 ——-
(g) Caloric equivalent of item (f), 9 keal/g________ . —498 ———- — 729 - +423
(h) Energy requirement, (8) —(g)--—- . -_.____ I 4058 S 4243 . 2733

The metabolic rates were also significantly
different when comparing period I with period
IIT or IT with period III. The daily energy
expenditure averaged 3517, 3439, and 3196 kcal/
man/day for the three periods. Energy balance
showed differences of +44, +77, and —40
kcal/man/day for the three test periods, respec-
tively.

The body-weight changes were corrected by
using fluid-balance data, and showed a body-
weight loss of 58 g for period I and 95 g for
period II. In period III there was a weight
gain of 38 g (table VI). These body-weight
changes were further corrected for the nitrogen
balance, so one must assume that the remain-
ing weight change was fat. The energy equiva-
lents of these body-weight changes were +498,

+729 and —423 keal/day for the three periods,
making the energy requirements 4058, 4243 and
2733 kecal/man/day for periods I, IT and III,
respectively.

Body temperatures in period IIT were con-
sistently lower than in the other two periods.
The differences were significant at noon and at
the end of the working day. Even though the
evening temperatures increased only 0.7° and
0.5° C for periods I and II, they were signifi-
cantly different from period IIT (P <0.001).
The daily patterns for pulse rate and blood
pressure were not significant.

The National Research Council’s Commuittee
on Dietary Allowances, in 1958, and the Kood
and Agriculture Organization’s Committee on
Calorie Requirements have recommended a de-

TaBLE VII.—Blood Changes (from ref. 49)

End of:
Subject Day 1,

control Period I, Period II, | Period III,

hot sun hot shade cool shade
Blood volume, ml_ ... . _______ . ______ 6663 6888 6676 6656
Blood volume change, ml.______________________| _-_______ +225 —212 —20
Hemoglobin, g9, . _ . _ ... 14.1 14. 3 14. 8 14. 3
Hematoecrit, 9. _____ 48.7 2 46. 2 b 48 0 48.3
Plasma protein, 89 - o @ oo eee 6.9 6. 8 6.8 6.9

s Initial versus end of period I, P <{0.025.

b End of period I versus end of period 1I, P <0.005.
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crease in caloric intake with an increase in en-
vironmental temperature. The NRC's Com-
mittee suggested a decrease in caloric require-
ments of 5 percent for every 10° C above the
base temperature of 20° C. The FAO Com-
mittee uses a 5 percent decrease in requirements

for every 10° C above the base temperature of
10° C. Using the old NRC (1958) and FAO
formulas (kcal=154 (W?7)), energy require-
ments of a 74.5-kg man living in Yuma, Ariz.,
at 40.3° C would be 3037 and 2865 kcal/day,
respectively.

TasLE VIII.—Nitrogen Balance (from ref. 49)
[All values in g/man/day]

Period I, Period II, | Period III,

hot sun hot shade cool shade
(a) Nitrogen intake___________________ . ... 20. 49 19. 69 20. 57
(b) Output in urine_ _ _ . __ . 17. 64 17. 24 16. 76
(¢) Output in feees. _ . _ . el 1. 83 2. 02 1. 91
(d) Output in sweabt s _ _ . 1. 44 1. 09 0. 51
(e) Total output, (b)+ (c)+(d) oo . 20. 91 20. 35 19. 18
(f) Nitrogen balance, (a) —(€) .. _ - . _. —0. 42 —0. 66 +1.39
(g) Protein balance, NX6.25___ _ . el .__ —2.62 —4.19 +8. 69

s Mean for 8 men for 10-day periods.

These decreased dietary allowances have made
it increasingly apparent that a reevaluation of
the energy requirements in extremely hot en-
vironments is necessary, especially since very
few of the studies in the literature are com-
parable to each other, because many of the
factors have not been strictly controlled.

Mitchell and Edman (ref. 42) feel that the
energy requirements are decreased in the heat
because of (a) lowered basal energy expendi-
ture, (b) a greater efficiency in certain types of
work associated with light clothing or a lessened
capacity for work, and (c) less motivation.
Welch et al. (ref. 40) and Le Blanc (ref. 41)

have stated that there is practically no increase
in energy requirements of men in any environ-
ments, except for the 4 to 5 percent increase in
the cold, possibly due to the “hobbling™ effect.
of heavy clothing. Recently Consolazio et al.
(ref. 10) and Shapiro et al. (ref. 15) suggested
that there was an increased requirement in the
heat due primarily to the increased heat load
upon the temperature-regulating mechanism of
the body.

In the 1959 Yuma study, where work was
maintained at a constant level, the food intake
was significantly greater during the hot-sun
and the hot-shade periods than during the cool-

TaBLE IX.—Energy Balance (from ref. 49)

{All values in keal/day]

Period I, Period 11, Period I11,

hot sun hot shade cool shade
(a) Food consumption, bomb calorimetry______________________ 3843 37178 3394
(b) Excretion in urine, feces, and sweat______ __________________ 283 262 238
(e) Nonexereted ealories, (a)—(b) _ . _ . ________ ________________ 3560 3516 3156
(d) Energy expenditure.__._______________________.__________ 3368 3326 3148
(e) Ixpenditure for cold water_ ______________________________ 149 113 48
(f) Total energy expenditure, (d)+(e)__ . ____________________ 3517 3439 3196
(g) Balanee, (¢)— () . - oo . +44 +77 —40
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shade period. Food intakes were considerably

" higher than the FAO-NRC (1958) minimum

requirements of 3069 kcal/day for men living
and working in the heat. Changes in body

- water and body composition would be expected

to contribute to the caloric requirements, so that
when one corrects for changes in body water and
nitrogen balance these increases in energy re-
quirements are even more significant.  The
water gain in period I and the water loss in
period III (from water-balance data) are sup-
ported by a similar magnitude of water changes
in the blood volumes and by blood hematocrits.

The daily energy expenditure of each man
for each period was computed from actual
energy cost of the daytime activities and
from time-motion studies during the evening
activities.

These energy requirements in the 1959 Yuma
study were equivalent to 55.5, 56.4, and 36.6
keal/kg, respectively. The blood hematocrit
values also confirmed the fluid-balance data, be-
ing significantly different in both the hot-sun
and the hot-shade periods. The corresponding
increase in body water retention in period I,
and the decrease in period II, were in the same
direction.

These significant increases in energy require-
ments also hold true if one uses (a) correction
for the body-weight change by means of the
Keys et al. (ref. 51) factor of 6.18 kecal/g, (b)
correction of the water balance by means of
blood-volume data, (c) correction of the food-
intake data by means of the actual energy utili-
zation data (food intake minus the excretion
of urine, feces, and sweat calories), and finally,
(d) the increased energy expenditure data.

It has been shown that for each degree rise in
body temperature there is an increase in meta-
bolic rate of 11 to 13 percent (according to
Eichna et al., ref. 52) or 10.8 percent (according
to Christensen, ref. 53). Christensen feels that
this is partly due to the increased activity of
the heart, lungs, and glands, but is primarily
due to increased cellular metabolism.

The average difference in body temperature
between periods was 0.7° C, and even though
it seemed small it was highly significant. If
(on an average) there is an 11.6 percent in-

762-318 0—65——9
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crease in metabolic rate for each degree centi-
grade rise in body temperature, a 0.7° C tem-
perature rise would be equivalent to an 8 percent
increase in metabolic rate. The 8 percent in
crease in metabolic rate, due primarily to the
increased heat gain of the body, is sufficient to
explain most of the increased food intakes
found during the hot periods.

Some of the main criticisms of this study
(Consolazio et al., refs, 10 and 49) were whether
the men in this experiment were fully accli-
matized to the heat and whether the increase in
energy requirements was due to insufficient
training prior to the beginning of the experi-
ment. A study was designed to rule out these
two factors by measuring the metabolic rate of
eight men under three strictly controlled levels
of temperature and humidity (Consolazio et al.,
ref. 12). The environmental temperatures for
the three phases were 21.2°, 29.4°, and 37.8° C,
each of 4 days’ duration for a total of 48 days.
The daily activity levels were controlled at a
constant rate and comparisons of metabolic rates
were performed at three activity levels: riding
an ergostat at a fairly heavy level for 50 min-
utes per day, riding an Exercycle at a moderate
activity level for 50 minutes a day, and various
resting activity levels.

The individual differences in body tempera-
tures, taken at the end of each work day, were
significantly greater during the 37.8° C phase
than during either the 29.4° or 21.2° C test pe-
riods. The mean energy expenditures for the
37.8°, 29.4°, and 21.2° C periods were 0.304,
0.282, and 0.273 liters of oxygen used per minute
for the low activity, 0.590, 0.525, and 0.521 liters
for the moderate work, and 1.570, 1.404, and
1.422 liters for the heavy activity. (See table
X.) When the 37.8° and 29.4° C phases were
compared all the individual differences were sig-
nificantly higher, P<0.001 for the low activity,
P<0.005 for the moderate activity, and
P<0.025 for the heavy activity.

This study again showed that there was a
significant increase in the metabolic rate of men
living in the heat. It is of interest that for
each man the average at 37.8° C was higher than
his average at 29.4° C. The consistency of re-
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sults may be of biological interest because it
showed up even though there was a considerable
variation among the averages for the men at a
common temperature and activity level.

The significant increases in metabolic rate
averaged 11.4 percent for the light, 13.3 percent
for the moderate, and 11.7 percent for the
heavier activity. It is felt that these results
are very important since they show that neither
acclimatization nor training were factors in the
increased metabolism and increased energy re-
quirements in the heat.

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

The average 0.5° F increase in body tempera-
ture at 37.8° C was significant even though it -
may seem low. References 52 and 53 have
shown that there is an approximate increase of
11.6 percent in the metabolic rate for every de- -
gree centigrade rise in body temperature. Thus
the increase in body temperature observed in
this study could account for only a 4 percent in-
crease in metabolic rate. Other factors such
as increased action of the blood in heat trans-
port and increased action of the sweat glands
will also contribute to the increase.

TaBLE X.—Summary of Mean Energy Expenditure (from ref. 12)

[All values in liters of oxygen used/min]

Light activity Moderate activity Heavy activity
Subject
378°C | 294°C [ 21.2°C |37.8°C [ 29.4°C |212°C | 37.8°C |20.4°C |21.2°C
A 0. 344 0. 313 0.279 0. 754 0. 691 0.674 1. 835 1. 680 1. 621
B ... . 276 . 263 . 280 . 624 . 563 . 471 1.784 1. 511 1. 486
Coe ... . 260 . 230 . 236 . 445 . 389 . 405 1.334 1.035 1.119
D .. . 291 . 278 . 269 . 562 . 433 . 435 1. 461 1. 574 1.650
Foo . . 333 . 322 . 296 . 682 . 597 . 598 1.705 1. 579 1.381
G . 300 . 276 . 296 . 559 .531 . 579 1. 586 1.331 1.376
5 S . 322 . 295 . 257 . 505 . 470 . 484 1.284 1.116 1.323
Mean._____________. . 304 . 282 . 273 . 590 . 525 . 521 1.570 1. 404 1,422

One can safely say that the metabolic rate
of a designated physical activity is increased
in the heat and is not affected by acclimatization
or training. This increased metabolism leads
to an increase in energy requirements of men
living and working in the heat.

NITROGEN LOSSES IN SWEAT

It appears that the sweating process plays an
important role in determining the energy re-
quirements of men exposed to solar radiation
or high temperatures. The relationship of the
sweating process to the energy requirements of
man may be attributed to several factors. At
high temperatures, or when exposed to sunlight,
an increased work load is imposed upon the
temperature-regulating mechanism of the body.
For example, the transport of heat by the blood

may require more work and energy. Likewise,
the sweat glands may perform more work in
order to dissipate the excess heat acquired from
the environment and metabolism.

A loss of calories in the evaporative process
deprives the body of energy required for normal
physical functions, and thereby creates a de-
mand by the body for a greater caloric intake.

The results of two recent experiments at three
environmental temperatures and two levels of
physical activity again show that a considerable
amount of nitrogen is lost in sweat under condi-
tions that produce profuse sweating (ref. 54).
These values average 149, 189, and 241 mg/hour
during exposures to temperatures of 70°, 85°,
and 100° F. (See table XI.) The free amino
acids were approximately 14 of these nitrogen
losses, with lysine excretion accounting for ap-
proximately 15 percent of the amino acid losses.
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TaBLE XI.—Sweat Rates and Sweat Nitrogen Concentrations (from ref. 54)

123

Study I Study II
Environmental Nitrogen in sweat Nitrogen in sweat
temp. Sweat Days at Sweat
rate, 100° F rate,
g/hr (37.8° C) g/hr
°F °C mg/hr mg per mg/hr mg per
g sweat ® g sweat
70 31.2 143 149 1.04 14 310 310 1.00
85 29. 4 242 189 .78 5-8 350 219 .63
100 37.8 312 241 .77 9-12 382 207 .54
13-16 406 217 .53

» 10 samples analyzed at 70° F, 52 samples at 85° F, 66 samples at 100° F.

The nitrogen losses in sweat of men perform-
ing a minimum of physical activity in extreme
heat are reduced to approximately 200 mg/hour
after acclimatization to heat. It has been ob-
served that the nitrogen losses in sweat will
increase with an increase in physical activity
and sweat rate.

The nitrogen-balance data are presented in
table XII. It has been speculated (ref. 55)
that the question of increased protein require-
ments depends on the relationship between the
dermal loses of nitrogen and the losses through
the kidneys and alimentary tract. In study
IT the urinary and fecal nitrogen losses were
remarkably constant regardless of whether the
men were living in a cool or extremely hot en-
vironment. This signifies that the increased
nitrogen excretions in the sweat were not com-
pensated by decreases in the urine and feces and
suggests that the daily protein requirements
of men living and working in extreme heat may
be increased at least to the extent of the dermal
nitrogen losses. Although the NRC (1958) and
the FAO publications on protein requirements
have not taken into account the possibility of
Increased requirements because of dermal losses,
the new NRC allowances (1964) have been
adjusted for losses through the skin and integu-
mental growth by approximately 0.8 mg of
nitrogen per basal kilocalorie per day. The
NRC Committee on Evaluation of Protein Nu-
trition also recognizes the fact that sweat losses
might result in significant misinterpretation of
nitrogen-balance data. The NRC’s minimal

daily protein allowance of 1 g/kg of body weight
is fairly generous in comparison to FAQ’s re-
quirements for adults of 0.35 g/kg of body
weight. The possibility of increased protein
requirements under conditions that produce pro-
fuse sweating should be reevaluated, especially
in individuals living and working in extremely
hot environments and consuming low amounts
of protein. One should also remember that
these values represent nitrogen in the cell-free
sweat after centrifuging; in actuality the losses
from sweat may be even greater due to the
epithelial cells and other debris. Darke (ref.
56) has estimated that the debris contains ap-
proximately 20 percent of the total sweat
nitrogen.

It has been observed that the increased nitro-
gen losses in sweat, even after acclimatization,
are not compensated for by decreased nitrogen
losses from the kidneys and alimentary tract.
As a result, these increased excretions in sweat
may be closely related to increased protein re-
quirements, since the dermal nitrogen Josses can
account for 13 to 14 percent of the total daily
nitrogen intake. These fairly high excretions
may be more significant in individuals consum-
ing diets low in proteins and amino acids.

These findings are very important since they
show an additional nitrogen loss that has been
ignored in many balance studies. Past studies
where equilibrium was apparently attained
should be reevaluated in the light of these
dermal nitrogen losses.
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TaBLE XII.—Nitrogen Balance (from ref. 54)

[g/man/day]
Output in— Balance
Environmental temp. Intake
Urine Feces Sweat » Sweat Sweat
exeluded | included
Study 1
85°F(29.4°C)______________._.__ 14. 90 10. 98 1. 18 1. 67 +2 74 +1. 07
100° F (37.8° C) oo ..-_ 14. 90 10. 95 1. 37 2. 06 + 2. 58 +. 52
Study II
Control: 75° F (23.9°C)___._._____ 13. 63 10. 67 1.75 0. 36 +1.21 +0.85
1st to 4th day..___.____ 13. 63 11. 23 1.78 2. 63 +. 62 —2.01
100° F 5th to 8thday-________ 13. 63 11. 09 1. 91 1. 89 +. 63 —1. 26
(37.8°C) | 9th to 12thday-_.____._| 13.63 11. 16 1. 95 1. 80 +. 52 —1.28
13th to 16th day__.____._ 13. 63 11. 33 1. 89 1. 88 +. 41 —1.47
Recovery: 75°F (28.9° C)___________ 13. 63 11. 40 1. 89 . 36 +.34 —. 02

= An assumed value of 15 mg/hr was included during the comfortable hours.

ALTITUDE

During the past year MRNIL completed a
study at Climax, Colo. (elevation 11400 feet),
in which the food intake patterns and physical
performance of young men were evaluated dur-
ing a 21-day exposure to altitude. The food in-
take, corrected for body weight changes, did not
change appreciably for the three weekly periods
(table XIIT). Since the daily physical activity
was fairly limited, the caloric consumption was
equivalent to that of men performing light
physical activities in a temperate environment.
These data suggest that there is no increase or
decrease in the energy requirements of men liv-
ing at an altitude of 11400 feet. The food in-
take and the distribution of calorie data are pre-
sented in table X111

METABOLIC RATE IN RELATION TO
IMMERSION IN WATER

There seems to be no question as to a direct
relationship between metabolic rate and grav-
ity. As far back as 1935 Crowden (ref. 57) re-
Ported a marked decrease in oxygen consump-

tion (almost 50 percent) for a designated exer-
cise in water when compared with the same
exercise in air. This decrease was later con-
firmed by Hill (ref. 58). In another study Goff
et al. (ref. 59) measured oxygen consumption
and observed that the isometric workloads for
exercise and for rest were not significantly dif-
ferent in air and submerged. Data presented
by Donald and Davidson (ref. 60) suggests that
reduced postural effort may account for the
near-basal oxygen uptake they observed in
sitting submerged subjects in water at 70° F.
McCally and Lawton (ref. 61) in their sum-
mary feel that “the relationship between meta-
bolic rates and postural muscular activity
suggests that the basal metabolic rate of weight-
lessness may be closely related to that of recum-
bency, inactivity or immersion.”

DISTRIBUTION OF KILOCALORIES
CONSUMED

With the exception of the work of Sargent
et al. (ref. 62) very little factual informatjon
is available as to the best combination of pro-
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TaBLE XIII.—Food Consumption at High Altitude

[keal/man/day]
Kilocalories * Percent of total calories
Altitude Days of
study Total keal/kg Protein Fat Carbo-
body wt. hydrate
Group 1
Control
(Fort Carson, 5200ft) . _________ 1-10 2732 38. 1 13. 6 37.0 49. 4
Altitude, 11400ft- . . ____________ 11-17 2801 40.0 12. 5 32.9 55.9
18-24 2866 40.9 12. 4 36.5 51.1
25-30 2802 40.0 13. 5 40.9 45. 6
Group II
Control
(Natick,sealevel) . ________._____ 1-10 2690 37.0 15.0 38.7 46.3
Altitude, 11400 €t ______________. 11-17 2889 40. 5 12.5 311 56. 4
18-24 3085 43. 4 13. 3 37.8 48. 9
25~-30 2754 38 8 13.0 36. 2 50. 8
31-34 2562 35. 8 14.4 39. 6 46. 0
Sealevel _______________________._ 35-42 2812 39. 4 11. 6 32. 2 56. 2

* Corrected for body weight changes.

tein, fat, and carbohydrate consumption for
maintaining maximum efficiency and well-being
in extreme environments. For a good survival-
type ration they recommended 2000 kecal con-
taining 15 percent protein, 35 percent fat, and
50 percent carbohydrate.

The NRC’s Committee on Dietary Allow-
ances (1964) has recommended daily allow-
ances of 1 gram of protein per kg of body
weight. No recommended allowances for fat
and carbohydrate intakes are available, since
only limited data are available on a reasonable
fat allowance and the characteristics of a mix-
ture of fatty acids that would be most favorable
to promote good health. It is recommended
that low protein diets be utilized in the space
program to minimize the consumption of wat-
er. Food items in the dietary must be made up
of good quality protein, fat, and carbohydrates,
and must be highly acceptable, digestible, and
above all, nontoxic.

In our studies we have found that the same
proportions of protein, fat, and carbohydrates
are consumed in extreme heat, extreme cold, a
temperature environment, and at high altitude
(table XIV). It is the general feeling that
this distribution of food calories is a matter of
food habit and preparation. Americans are ac-
customed to a high fat intake because of the

TaBLE XIV.—Distribution of Calories Consumed in
Various Environments

Percent of total calories
from—
Environment
Protein | Fat | Carbo-
hydrate
Temperate.. .. __.___. 12.2 [ 42.4 | 45.4
Extremely hot________ 13.0 38.6 | 48.4
Extremely cold____.__ 14.6 36.6 48. 8
Altitude (11 500 ft) ..} 13.1 36.5 50. 4
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high economic level of individuals. In coun-
tries of lower economic level the trend is to-
ward a diet high in carbohydrate and low in
fat. Rice and wheat products are relatively in-
expensive and are the main food items in these
countries. Regardless of the environmental
temperature and humidity the distributions of
protein, fat, and carbohydrate calories in the
diet appear to be relatively constant.

SUMMARY—EXTREMELY COLD
ENVIRONMENTS

Newer evidence collected during the past few
years indicates that there is no basis for the con-
ception that the energy requirements of humans
(at a-given activity level) are increased in a cold
environment, except under the following condi-
tions when the metabolic rate is also increased:
(a) in the unprotected or clean-shaven animal,
(b) the nude or inadequately clothed human,
(¢) when enough time is spent in the cold to
make an individual shiver or to cause nonper-
ceptible shivering (muscle tone or muscle activ-
ity), (d) in the wearing of extra-heavy clothing
or footgear that imposes a resistance to body
movement, or (e) in any other unusual condi-
tion that increases the metabolic rate.

The data suggest that the energy requirements
of men living and working in a cold environ-
ment are not increased, provided the men are
adequately clothed, except for the 2 to 5 percent
increase in metabolic rate due to the “hobbling”
effect of the heavy clothing. It is believed that
the energy requirements, as in a temperate en-
vironment, are primarily a function of body
weight, physical activity, and age.

SUMMARY—EXTREMELY HOT
ENVIRONMENTS

In view of the new evidence presented during
the past few years, there is a strong suggestion
that the energy requirements are increased in
men living and working in extreme heat. This,
of course, excludes the individual living in an
air-conditioned atmosphere. These studies
show that the metabolic rate of all daily physi-
cal activities is significantly higher in an ex-

tremely hot environment than in a temperate .
environment. Significant increases were also
observed in the food intake, in the sweat rates,
and in body temperature, when comparing the
same environments. '

These increased requirements are probably
due to the increased heat load imposed on the
body by solar radiation and the extreme heat.
The increased requirements, in all likelihood,
are a combination of increased action by blood
in heat transport, increased action of the sweat
glands, increased caloric loss due to sweat va-
porization, and the increase in metabolic rate
due to the elevation in body temperature.

As shown in table XV, the energy require-
ments in keal/kg of body weight may be classi-
fied for the various levels of physical activities
and environmental temperatures as follows:

(a) In extremely cold environments a man
performing light physical activities may con-
sume from 35 to 46 kcal, for moderate work
from 47 to 55 kcal, and for heavy physical activ-
ities from 56 to 68 kcal per kilogram of body
weight.

(b) In a temperate environment the require-
ments for a man performing light physical ac-
tivities range from 32 to 44 kcal, for moderate
work from 45 to 52 kcal, and for heavy physical
work from 53 to 63 kcal per kilogram of body
weight.

(¢) In extremely hot environments the energy
requirements may range from 55 to 61 kcal per
kilogram of body weight for men performing
moderate types of daily physical activity.

CONCLUDING REMARKS

The caloric requirement of the future space
traveler can be determined only by actual
studies on the individuals themselves, living and
working in their own environment. These
studies should include (a) energy expenditure
measurements during weightlessness, while
wearing pressurized suits, (b) food intake and
balance studies, and (c) measurement of sweat
rates, and so forth.

There is no question that the astronauts dur-
ing the Apollo-type flights will be performing
only sedentary to moderate physical activities.
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TaBLE XV.—Energy Requirements in Relation to
Environment

[keal/kg body weight]

Environment
Physical

activity Tem- Ex- Ex- | Altitude
perate jtremely| tremely | (11 500

cold hot ft)

Light______. 32-44 | 35-46 | »40-54 | 32-44
Moderate._._| 45-52 | 47-55 | 55-61 | 45-52
Heavy__.___ | 53-63 | 5668 | *62-74 | _____.

s Agsuming an increase of 129, in energy require-
ments for men working in extremely hot environments.

The men will probably spend approximately
33.5 percent of the day sleeping, 34 percent sit-
ting, 28 percent lying down, and possibly 4.5
percent standing. Table XVI shows the daily
energy expenditure of a sedentary individual
with a somewhat similar schedule. Under these
conditions the daily energy expenditure will be
approximately 2200 kcal/day for a 70 kg man
living in a 20° C environment.

The following factors will increase these
requirements :

(a) An increase in body weight

(b) A decrease in body temperature which
will cause shivering

(¢) An increase in body temperature
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TasLe XVI.—Daily Energy Expenditure of a Seden-
tary Individual ®

Percent | ¢-
time K(x)lg::.l- Kiloeal-
Activity 2};2?1213 per hour 0;:;8
tivity e:;%):?ed- period
per day
Sleeping . . - oco-_. 33.5 75 600
Sitting, ete_.______ 34.0 110 902
Lying down_____... 16.0 80 307
Standing . - .o .- _- 13.0 110 351
Personal activities. - 3.2 120 95
Total daily expenditure.__._._..__. 2, 255

s Ideal condition of 22° C and 309, relative humidity
with a very minimum of physical activity.

(d) An increase in physical activity

(e) Added clothing or footwear, including a
pressure suit

(f) An increase in environmental tempera-
ture, resulting in an increased sweat rate

(g) Physiological and psychological stresses

The following will decrease these require-
ments:

(a) A decrease in age

(b) A decrease in physical activity

(c) A decrease in body weight
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DrR. MAYER: Mr. Consolazio, I think that it takes
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Discussion: Caloric Requirements
of Long Flights

In this discussion I shall diverge from fur-
ther consideration of the many important fac-
tors that can affect the total energy requirement
of the astronaut. Instead, T will discuss the
following question: Would it be possible to
reduce the astronaut’s dependence on exogenous
calories by helping him to utilize his own fat
stores more efficiently ?

This general problem always has been of im-
portance in medicine because so many patients,
for one reason or another, are unable to con-
sume sufficient calories to remain in nitrogen
equilibrium, even though it is possible to pro-
vide them with enough carbohydrate and
amino acids to meet specific needs for these nu-
trients (ref. 1). There is evidence that when
the calorie intake is reduced significantly below
requirements, normal subjects will exhibit a
nitrogen deficit even while they may be receiv-
ing theoretically adequate amounts of protein
and carbohydrate.

Figure 1 illustrates this phenomenon. In this
experiment (ref. 2) a normal healthy subject
was placed on a diet providing approximately
one-half his estimated calorie requirements.
The experimental regimen provided about
9 grams of nitrogen per day, representing pro-
tein of good quality. In period II an attempt
was made to meet total calorie needs by supple-
menting the basic oral diet with appreciable
quantities of intravenous fat emulsion. As cal-
orie intake increased, potassium and nitrogen
balances improved. Period TII constituted a
second control period. In period IV, oral fat

N balance,

K balance,
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Ficure 1.—Comparison of intravenously admin-
istered fat and supplementary oral fat in terms of
their respective effects on nitrogen and potassium
balances in a subject on a calorically deficient
diet. Dashed lines indicate, respectively, amounts
of nitrogen and potassium provided in diet.
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emulsion was added to the diet to increase the
calorie intake. Again, potassium and nitrogen
losses were reduced. During both experimental
periods, the oral intake of carbohydrate was de-
creased to compensate for the small amount of
saccharide in the supplemental fat prepara-
tions. This study and other similar ones sug-
gest that the body does not use its own stores of
fat to reduce nitrogen losses as effectively as it
uses dietary fat.

To explore the possibility that an augmented
rate of free fatty acid release might increase the
efficiency of protein utilization during calorie

man growth hormone (ref. 3). As shown in
figure 2, one of the actions of human growth -
hormone is to increase the rate at which adipose
cells mobilize free fatty acids (from unpub-
lished results obtained by Pothier; Hashim, and
Van Itallie). Preliminary nitrogen balance
studies with growth hormone made on two sub-
jects are shown in figure 3. In the first of
these studies (fig. 3(a)) the subject went into
negative nitrogen balance during the first two
periods. Period I wuas considered the period of
adjustment to the new regimen, which was re-
stricted in calories and somewhat reduced in

restriction, we initiated some studies with hu- protein. Period Il served as the first control
4000
3500 L ——————  Fasting only /
= e == === Fgsting + human growth hormone, 5 mg (intramuscularly) /
3000 +
2500
Free fatty acid,
peq/l plasma
2000 |
1500 |-
1000 |-
500 1 | 1 1 L 1 | 1 1
0 0, o0, 1 2 3 4 5 6 7 8
Time, hr

Ficure 2.—Effect of human growth hormone on plasma free fatty acid con-

centration in a normal fasting subject.
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Ficure 3.—Effect of human growth hormone on
nitrogen balance in normal subjects on calori-
cally restricted diets. (a) Subject 1. (b) Sub-
ject 2.
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period. When human growth hormone was
given intramuscularly during period 11I there
appeared to be some improvement of nitrogen
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The second subject, who was fatter than the
first, showed a more striking response (fig. 3
(b)). During period II, growth hormone
seemed to induce a definite decrease in the nitro-
gen excretion rate.

This is as far as we have gone to date with
the human studies. We have initiated studies
in rats on calorically restricted diets that sug-
gest that under these circumstances growth
hormone administration favors greater utiliza-
tion of body fat while sparing protein (from
unpublished results obtained by Chopra,
Pothier, Van Itallie, and Hashim).

On the basis of these admittedly preliminary
studies I offer the following thoughts:

(1) During consumption of a diet appre-
ciably restricted in total calories, the body does
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to prevent the oceurrence of a nitrogen deficit.

(2) Under such circumstances, there may be
ways of helping the body to use its own depot
fat more effectively, thereby sparing protein
and, by extension, reducing losses of water and
certain electrolytes.

(3) If the provision of adequate calories to
the astronaut becomes a serious logistical prob-
lem it may be worth pursuing the possibility
of storing extra fat in his depots and also ex-
ploring ways in which the energy represented
by this fat can be made available, when needed,
to spare body protein.
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-

The order of priority of nutrients, based upon the time it will take to affect perform-
ance when they are inadequately supplied, is, probably, water, then calories, and then
protein and certain electrolytes, The available evidence, limited though it is, suggests that
lack of protein will probably be of little or no importance during the first week or two
provided adequate calories are supplied. For short flights, there appears little justifica-
tion for elaborate means of providing protein or amino acids. Critical data should be
collected upon the changes in physical and mental performance with time when the protein
intake is severely limited. Variations in the kind and amount of carbohydrate and fat
should be included in these studies. The food must be adequate to meet calorie and water
requirements.

In longer flights, I assume that the diets should be low in protein to conserve water
and minimize wastes. The protein should be of high quality; approximately 0.5 gram/
kg/day or perhaps 7 to 8 percent of calories should be sufficient.” Lesser amounts would
probably not be significantly more useful. Data are needed on long-term effects of protein
at such levels. Considerable effort will be needed to produce acceptable and satisfying
diets of this kind.

In very long flights one may suppose that the recovery systems for water will be well
developed. Some of the protein will have to come from the support systems, but reutiliza-
tion of nitrogen will not be very efficient for a long time to come. Higher protein intakes
will be acceptable but the problems in food technology of utilizing the proteins produced
will be great. Supplementation of such diets with proteins or amino acids will probably
be required.

As has been emphasized elsewhere, the data available on amino acid requirements are
very poor and totally inadequate to estimate difference in individual requirements. Large
variations in requirements due to individual differences or induced by the diet may be
critical.

The whole problem of the interrelationships between energy requirement and protein
intake and the possible effects of the sources of energy upon protein requirements should
be given further study. Much of the older data on specific dynamic action may be rele-
vant but are not adequate for our purposes., A reexamination of this field should be useful.
The higher energy expenditures reported on diets containing free amino acids should be
confirmed or refuted, and if true, an explanation shonld be sought. The studies which
suggest that carbohydrate and fat may have independent effects on protein metabolism
should be further examined. Basic studies on the origin of and the mechanism which
produces the endogenous nitrogen losses might be very pertinent.

Finally, neither the cause nor the origin of the nitrogen losses induced during the
catabolic phase following stress or injury is known. While we do not necessarily assume
that these will lead to high protein requirements, it is apparent that this field is relatively
static. An understanding of the fundamental causes may lead to their control.

18579

INTRODUCTION

The ideal diet for space flight will presum-
ably be one which provides optimum amounts
of nutrients, requires minimal space and weight,
and places the minimum load upon waste
disposal and recovery systems. The relative
importance of these three criteria cannot be
definitely established at this time, and will

undoubtedly vary with the length of the flight
and supporting equipment.

The provision of the correct amount and kind
of protein will be essential and will present a
number of difficult problems. It will be im-
portant from a logistic point of view since the
amount of protein will be relatively large, sec-
ond only to the materials supplied as calortes,
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and the water requirement will be a function
of the protein intake. It is clear that the load
placed upon the recovery systems will be, to a
considerable extent, dependent upon the protein
which is supplied. Much of this discussion is
based upon the supposition that the dietary pro-
tein intake should be relatively low. This sup-
position is based not only upon considerations
of the recovery systems, but also on the fact
that the complexity of the protein may make it
difficult to supply.

On the other hand, the opposite situation may
apply since the recovery of water will probably
be quite efficient. The regeneration of nitrogen
wastes as protein, by either plant or animal sys-
tems, will probably be relatively inefficient for a
long time to come. Hence, it is possible that
minimal nitrogen and water excretion may not
be desirable. We may need considerably more
nitrogen to get these systems to work than min-
imal nitrogen excretion can supply. I do not
have information which permits me to make any
judgment on this.

In developing this discussion I have allowed
myself considerable latitude. We are deal-
ing with an area in which relatively little is
known; we are not sure exactly where we are
going or where we will be in the future. I
believe that one can justify a considerable
amount of the most basic kind of research under
these circumstances with the reasonable expecta-
tion that much directly relevant information
will be obtained and with the certainty that the
scientific fallout will be most useful.

TOTAL PROTEIN NEEDS

The subject of protein needs as it applies to
the general public has been reviewed in recent
years (refs. 1 to 8). As already mentioned, it
is difficult to know how to approach this prob-
lem in terms of space travel since so many fac-
tors will influence the final decision. Never-
theless, it seems that. there are some known facts
that are relevant and there are some obvious
gaps in our knowledge that should be closed
in the near future.

In short flights, 1 to 2 weeks, the most perti-
nent question is probably whether any protein at
all need be supplied. There is not a great deal of

information on physical performance with
protein deficient diets that seems to be directly
applicable. The extensive studies with survival
rations reported in reference 4 are important.
These were done with young men over 9-day pe- -
riods doing either hard or moderate work. The
proportions of protein, carbohydrate, and fat
were varied widely and in the test periods the
total calorie supply was limited to either 1000 or
2000 calories per day. It is clear from these
studies that insufficient calories have great and
rapid effects upon performance and tolerance.
Since these were tests of survival rations it is
clear why such limitations were imposed ; how-
ever, these restrictions limit the applicability of
the data for situations where total calories will
not be limited. Furthermore, it is probable that
even moderate work as defined in reference 4
may well be above the energy expenditure of
astronauts. Another limitation of these studies
is that the diets were often greatly simplified.
For example, one diet was simply carbohydrate
supplied as candies and a starch-jelly bar. An-
other was a meat bar that contained no carbo-
hydrate but 30 percent protein and 70 percent
fat. We may suppose that some of the reac-
tions of the test subjects simply reflect the
nature of the food independent of their nu-
trient content. Much more appealing diets
could undoubtedly have been prepared and cer-
tainly will for flight into space. Even with
all these limitations for the purposes of our
present discussion, the data are of much in-
terest. If I interpret the studies correctly, they
indicate that very low protein diets are prob-
ably compatible with reasonable performance,
perhaps adequate performance, over 9-day
periods. The variations in proportions of car-
bohydrate and fat in the various diets as well
as the limited supply of calories do not permit
a clear identification of the role of protein.
On the basis of these studies as well as gen-
eral knowledge of protein metabolism, I con-
clude that it is likely that the protein supply
will be of minor importance in short flights,
and it is quite possible that it might be omitted
entirely without detrimental effects. Studies to
test the time required for protein deficiency to
affect physiologic and psychologic performance
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should be made. Particular attention should be

" given to the production of a variety of palata-

ble low protein diets in order to avoid the in-
fluence of nonnutritional factors as much as
Such studies should not be particu-
larly diffeult. I can flnd no justification at this
time for elaborate schemes to provide high
quality protein or amino acids during short
flights.

MEDIUM FLIGHTS

Although I believe that the protein intake
will be of little consequence during the first
week or so, it is certain that effects of protein
deficiency will become manifest unless protein
i1s adequately supplied in longer flights. Tt
would appear to me that in the next stage the
recovery systems will be relatively small and
not very complex and that the protein will have
to be carried. Hence, I would suppose that the
diets should be devised to supply a minimal but
adequate amount of protein and that in order
to do this efficiently, the protein should be of
very high biologic quality. From what is now
known of protein requirements, I think we
might estimate that about 0.5 gram/kg/day, or
perhaps 7 to 8 percent of the calories would be
the most logical estimate. This may not be
minimal but further restriction will not yield
enough saving in water supply, for example, to
make it worthwhile. Again, the evidence avail-
able 1s not sufficient to support a statement that
this level will maintain maximum efficiency
over long periods of time. This is, however, a
testable proposition and we should know
whether diets acceptable over longer periods
can be prepared and what they do to physical
performance.

The likelihood that such diets are entirely
compatible with health is indicated by the
studies of Chittenden (ref. 5) many years ago.
Recruits and students consumed relatively low
protein diets over many months and apparently
performed very well, even won athletic contests.
Chittenden thought they were probably better
off than when consuming high protein diets, but
the evidence is not clear. Much better data
could now be obtained. Also, it turns out that
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low protein diets in 1905 were not as low as low
protein diets would be now.

I should like to emphasize that as time in-
creases it is probable that the dietetic and psy-
chological aspects of food will be more impor-
tant. Much attention should be paid to this
aspect in the preparation of diets.

LONG TERM FLIGHTS

I think it is generally agreed that at some
stage major reliance must be placed upon the
life support systems to supply food. Just when
this is, I do not know. My supposition is that
when one begins to get to this stage, the whole
problem will change. The recovery of urinary
and fecal nitrogen as food proteins will prob-
ably not be very efficient until the system is
exceedingly large and it 1s doubtful that we need
to worry about completely supplying food by
this means. The systems for recovering water
and oxygen will undoubtedly be well developed,
the water requirement of the human inhabitants
will not be a major consideration, and limitation
of the nitrogen intake because of its effect upon
water will be of no importance.

Rather, the problem will then be one of find-
ing appropriate utilization of those proteins
which can be produced in the recovery systems.
The preparation of high quality proteins will
be difficult and I would suppose that we may
find that we will have to be concerned with ap-
propriate supplementation of the diet with
either amino acids or proteins from the outside.
So far, the proteins from algae, molds, and so
forth, do not look very promising. The prob-
lems in food technology seem to me to exceed
those of nutrition when we get to this stage.

Tt is known that in most human societies and
particularly in the U.S,, relatively high protein
intakes are consumed whenever they are avail-
able. The relative importance of the psycho-
logical and physiological components behind
this clear preference is not known. In any
event, the level and kind of protein has impor-
tant implications in terms of satiety, acceptabil-
ity, and general ability to keep people happy.
As others have pointed out, there is no point in
supplying food that people do not eat, and much
effort is needed to determine and evaluate the
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role of protein in this aréa and the dietetic prob-
lems imposed by diets low in protein.

REQUIREMENTS OF AMINO ACIDS

In reference 6, I discuss the serious limitations
in our knowledge of amino acid requirements.
In table I, T have reproduced the estimated mean
requirement of each of the essential amino
acids as determined by studies in which amino
acids have been fed to human subjects. If one
accepts two standard errors of the mean as a
reasonable test of the accuracy of the mean
value, it is seen that the mean value is very
poorly defined ; the data are useless as estimates
of differences in individual requirements. In-
dividual requirements could not possibly vary
as much as these data might suggest. The lack
of knowledge in this area is almost intolerable
and additional efforts must be stimulated in this
direction. If there are differences of 200 to 300
percent in the amino acid requirements of men,
diets which meet only the average requirement
will be disastrous. It does not necessarily fol-
low that the amino acid requirements are con-
stant under varying conditions. Nor does it
necessarily follow that the pattern of amino
acids, that is, the relationship of the amino
acids to each other, is necessarily a constant.
Although considerable evidence tends to sup-
port the idea of a widely applicable ideal pat-
tern of amino acids (refs. 1 and 2) the evidence
is not entirely consistent. Studies on chickens
(ref. T), for example, would seem to have estab-
lished that the Protein: Calorie ratio in the diet
modifies the amino acid requirement. What we
are concerned with is the best pattern and
amountsof amino acids under the conditions and
limitations of space flight. It seems certain
that one of these limitations will be a restriction
in the total nitrogen intake. Very little is
known of the effects of total nitrogen restriction
upon the requirements of the individual amino
acids.

PROTEIN AND ENERGY REQUIREMENTS

Two areas of observation with regard to pro-
tein and energy requirements, which may or

may not be related, are: (1) specific dynamic
action and (2) the record of high energy intakes ‘
upon diets in which the protein component has
been supplied as amino acids.

Specific dynamic action (S.D.A.) was once a
topic of intense interest and neither the cause
nor the implications have been satisfactorily
determined. In any event, following a meal
there is a considerable increase in energy expen-
diture. The amount of energy thus wastefully
expended depends upon the amount and compo-
sition of the diet. A meal of high protein or
amino acid content has a high specific dynamic
action and is thus inefficiently utilized. The
data available indicate different degrees of
S.D.A. for different amino acids but the ade-
quacy of the quantitative data can be questioned.
Similarly, the effects of various combinations
of carbohydrate, fat, and protein are not quan-
titatively known, although it seems that the ef-
fects of combinations are not the sum of the
S.D.A. of individual components tested sepa-
rately. This conclusion, however, apparently
rests upon the assumption that the S.D.A. of a
specific item is a certain percentage of the cal-
ories, independent of dose. I doubt that this
has been demonstrated.

The point can be made, nevertheless, that the
efficiency of calorie utilization may depend upon
the amount of protein fed and upon the propor-
tion of carbohydrate and fat in the diet. Ad-
ditional evidence is required to determine
whether this is important and whether there are
possibilities for substantial savings in the total
energy supply.

In studies in which human subjects have been
fed purified diets containing amino acid as the
nitrogen source, there appears to be a very in-
efficient utilization of calories. In reference 8
it was reported that in order to maintain weight
and nitrogen balance some 45 calories/kg/day
were required, whereas with the diet containing
intact proteins only 35 calories/kg/day were
needed. One might suppose that rapid absorp-
tion of free amino acid leading to a high S.D.A.
of the diet could be responsible, whatever may
be the cause of S.D.A. These studies indicate
that such diets are very inefficient, leading to
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TaBLE I.—Estimates of Amino Acid Requirements of Adults

[Data compiled in reference 6 from various sources]

Amino acid requirement of women Published estimates
Requirements, mg/day
Amino acid
Correlation Women, Men,
coefficient,» 95 percent | mg/day mg/day °
r Mean | confidence
limits b
Tryptophan. __ _ ... 0.70 168 146-193 157 250
(150-250)
Phenylalanine in presence of Tyrosine.__ . - .74 258 215-310 220 300
Threonine_.__ . _.__________.________.. .70 375 270-515 305 500
(300-500)
Isoleueine . ______ . ___________________ .71 550 280-1065 450 700
(650-700)
Lysine_ - __ .. .61 545 355-835 500 800
(400-800)
Methionine (500 mg cystine) - __________ .77 194 164-230 180 200
Methionine (10 mg cystine) — - . - _________ .53 700 250-1950 550 1100
(800-1100)
Valineo - . oo .. . 68 622 550-705 650 800
(400-800)
Leuecine____ .. .71 727 560-940 620 1100
(500-1100)

* The correlation between amino acid intake and nitrogen retention.
 These values refer to the mean value, not to individual requirements.
¢ Numbers in parentheses indicate estimated range of requirements for individuals studied.

total requirements of food some 25 percent
above those with a more conventional diet.

Holt in reference 9 concludes that the high
energy requirement of the subjects studied in
reference 8 might have been due to the inclu-
sion of considerable amounts of the unnatural
D-forms of amino acids in the diets and states
that the high energy requirement is lowered but
not eliminated by the use of only naturally oc-
curring amino acids. The adequacy of the evi-
dence to support this statement is not clear to
me. Studies on rats fed amino acid diets did
not show a higher energy requirement than
with conventional diets (ref. 10). Thus, the
whole subject remains in a very unsatisfactory
state.

EFFECTS OF FAT AND METHIONINE

It has been generally assumed that the pro-
tein requirement is, one might say, an independ-

ent physiologic variable. It is recognized that
the energy requireiment must be met but, if this
is provided, the protein and amino acid need is
then primarily a function of body size and
physiological state. I wish to point out two
observations which may be important for our
consideration. At least, I feel they deserve
further exploration.

The first relates to the nature of the principal
energy components: fat and carbohydrate.
Does it make any difference how the energy is
supplied? In reference 11, Swanson reports
that with calorie restriction, the amounts of
nitrogen excretion were markedly affected by
the proportions of fat and carbohydrate. These
data indicate that when the calories in rats were
restricted to 50 percent or more of their usual
intake the nitrogen excretion was about twice
as high on low fat diets as when considerable fat
was supplied. Apparently the critical level
was about 10 percent fat in the diet, or about
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20 percent, of calories. It seems likely to me
that these effects might be explained by a differ-
ential rate of metabolism of fat and carbohy-
drate. It is unlikely, of course, that we shall
be concerned with severe caloric restriction, but
the point is that we cannot assume that the type
of energy source is of no consequence.

It is also of interest that on nitrogen-free
diets the administration of methionine alone
greatly reduces nitrogen excretion. This find-
ing was made by many individuals during
‘World War IT and never adequately explained.
Swanson (ref. 11) observed this effect particu-
larly in calorically restricted animals.

The role of sulfur containing amino acids
seems particularly confused at the moment. In
reference 12 it was reported that methionine
supplements had adverse effects when added to
cereal proteins unless other essential amino acids
were adequately supplied. There is the pos-
sibility that the role of methionine, a lipotropic
agent, will be in part determined by the fat con-
tent of the diet. The whole area of amino acid
imbalance, the time of feeding, the kind and
amount of carbohydrates and fat perhaps de-
serves more extensive exploration. It would
seem particularly important if it should become
necessary to utilize less than ideal proteins, such
as algal protein, as an important dietary con-
stituent.

PROTEIN AND BASAL METABOLISM

During the past 30 years a great deal of in-
formation has been collected which has been in-
terpreted to mean that minimal protein needs
are proportional to basal metabolic rate (ref.
13). Whether there is a causative relationship
between these two parameters or whether they
happen to be related in the same way to some
other body component or function is unknown.
It may be a good guess that both are related to
“metabolic mass” but this statement does not
improve our understanding very much. Creat-
inine excretion appears to be more directly
related to total body weight or lean body weight.

The point here is that the origin of the un-

avoidable endogenous losses, the causes of the
losses, and the metabolic machinery involved is
not understood. The relative contributions of
the various components of the body, such as the
viscera and the muscles, are unknown. It is pos-
sible, at least, that weightlessness may cause con-
siderable modification in the normal metabolic
machinery. Some suggestive evidence might be
obtained by complete fractionation of the uri-
nary nitrogen from astronauts even on short
flights. I assume this has been done, but I am
not aware of the findings. Appropriate studies
with isotopically labeled intermediates might
help explain the origin of these losses and the
controlling mechanisms.

PROTEIN STRESS AND INACTIVITY

An increase in urinary nitrogen excretion and
a negative nitrogen balance are the hallmarks
of the catabolic phase following stress and in-
jury (ref. 14). We can suppose that space
flight will constitute a rather severe stress of
some kind, but I am unable to assess the prob-
able importance of such a stress. It is, I think,
clear that either mental or physical stress may
induce a negative metabolic balance, but I
would not yet conclude that this will necessarily
be related to higher nitrogent requirements.

In this regard, it is of much interest that
while the adrenal hormone is necessary for the
catabolic response, it occurs in adrenalectomized
animals given constant amounts of hormone.
Thus many of the early explanations of the
cause of catabolic response seem inadequate.

This is an area in which reawakening of
interest and development of new techniques are
needed. More adequate explanations might be
most useful in control or prevention of the ad-
verse effects of continued stress.

Finally, atrophy of muscle and loss of muscle
constituents are known to occur rather rapidly
with disuse. While I assume that this is not
a nutritional problem, and other means will be
found to prevent it, it may be a complicating
factor in attempting to evaluate metabolic data
obtained during flight and must be considered.
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Dk. PEARSON : The proposal has been made and is cur-
rently under consideration that the astronauts be given
a minimum of 14 days preflight dietary balance—that
is, on the diet that they are going to eat in flight—and
that this period be used to get an established baseline,
so that excretory data can be used subsequently.

Dr. HEssBERG: With reference to the adaptation of
the individuals to diets, in all of our simulators and
test runs we feed the in-flight diets 8 to 10 days pre-
ceding the test.
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Space Nutrition

The point which seems most impressive is
the interdependence of the topics being dis-
cussed, and the impossibility of being accurate
and realistic without some knowledge of the
developments that can be expected from the
engineering side. What is being accomplished
in propulsion? How large a spacecraft is
feasible? How soon can what size spacecraft be
sent how far? What is being accomplished in
regenerating systems? How heavy is a good
practical recovery system for water? What are
the prospects of recovering edible nutrients in
considerable quantity from human wastes such
as carbon dioxide, urea, and minerals, recovery
with absolute reliability in a limited amount of
space with lightweight equipment? What are
the economic limits within which all this must
be accomplished? These are only a sampling
from the vast number of questions which bear to
a greater or lesser extent on each of the topics
under discussion and questions to which I, at
least, have only the vaguest sort of answers.

To gain some perspective on the problem of
protein nutrition I set up what I considered to
be nutritional priorities, assuming, as Dr. Heg-
sted indicated, that whatever the final solution
to the problem of nutrition in space may be,
each individual must be provided with oxygen,
water, and food which each day provide approx-
imately 2000 to 2500 calories and 35 grams of
high quality protein.

The first priority is for oxygen. This can be
considered a nutrient because essentially it is
required for the oxidation of foodstuffs to yield
energy. We are seldom concerned with it as a

Department of Nutrition and Food Science
Massachusetts Institute of Technology

nutrient on Earth, but in a closed system it is
the primary nutritional requirement. Man can,
under highly favorable conditions, survive for
a few days with oxygen alone. He must have
for the basic nutrient allowance just mentioned
about 600 grams of oxygen a day or 220 kg/
man/year. He would need somewhat more than
this to allow for periods of exertion and ele-
vated metabolic rate. Recovery of oxygen from
the carbon dioxide of which it becomes part is
no mean problem. Recovery from water
through electrolysis seems feasible, as indicated
previously; but unless recovery from carbon
dioxide can be accomplished, there will be sub-
stantial losses that must be replenished. The
solution to the problem of oxygen supply may
provide the key for solving many of the other
nutritional problems, for if oxygen can be re-
generated the weight saving will be substantial.

The second priority is for water. With water
and oxygen man can survive many days, in fact,
many weeks. The requirement I have selected is
2 liters/man/day, although much more than this
will be required under conditions of heavy work
or high temperature. Water, fortunately, is not
chemically altered by the body, and also it is an
end product of metabolism and of certain types
of fuel cells. For these reasons the problem of
water supply is simplified. It is a matter of
recovery, not regeneration, and this should be
feasible with high efficiency, as has already been
indicated, with apparatus weighing consider-
ably less than the 730 kg/man/year that would
be required to provide 2 liters/man/day.
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The third priority is for calories. About 400
to 500 grams of dry food per day will be re-
quired to provide 2000 to 2500 calories/day, a
requirement of 145 to 180 kg/man/year. This
food will be largely converted to carbon dioxide
and water and the regeneration problem here
is much more complex than that for oxygen or
water, for not only must a regenerating system
be capable of reducing these products to organic
substance, it must be capable of yielding whole-
some, nutritious, highly digestible, and palata-
ble organic substance. This is a problem that
must be solved for continuous occupancy of a
hostile environment unless replenishment from
Earth can be accomplished for some economi-
cally reasonable sum by the time continuous
occupancy is contemplated. Low cost replen-
ishment may be accomplished earlier than we
have thought, perhaps well before a workable
regenerating system can be devised.

This brings us to protein which I would con-
sider to be the fourth priority. Dr. Hegsted
suggested an allowance of 0.5 gram of high
quality protein per kilogram body weight per
day. With this I agree, even though there may
be stresses that will increase the requirement
from time to time during a space mission. With
this allowance 12.8 kg/man/year would be the
load for protein. I am therefore skeptical that
there will be any need to worry about protein
regenerating systems for space flights in the
foreseeable future.

Now, what about the form of protein? We
hear much about chemically defined diets in
soluble form. Chemically defined diets have
certain advantages for experimental work, but
what advantages do they have in practical di-
etetics? They are expensive, unpalatable, and
difficult to reconstitute. Free amino acids con-
tain less nitrogen per unit of weight then do
proteins. There is some evidence, although it
needs confirmation, that they increase caloric
needs for the maintenance of nitrogen equilib-
rium. So while they may be the diet of choice
for certain experiments, they have no value that
T can see as a practical diet.

What about the use of liquid diets and recon-
stituted diets? I can seelittle to be gained from
either. Primitive tribes survived well on pem-
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mican, biltong, and blubber. The early Europe-

an explorers of America supported themselves

successfully for months on dry, monotonous,
unpalatable foods. We can produce many pal-

atable dry foods—in fact, I suspect that many -

dried foods, for example, dried fruits and dry
biscuits, are as palatable as many of the freeze-
dehydrated foods. Dried foods have their own
unique characteristics and are substitutes for,
not imitations of, something better. They can
be coated just as freeze-dehydrated foods can,
and can also be made into mouth-sized units to
avoid the problem of crumbling. They can be
devised to provide not only protein but all
needed nutrients and can be eaten directly. They
also occupy a good deal less space than freeze-
dehydrated products. We do not normally re-
hydrate all dried foods before we eat them.
We rehydrate primarily in an effort to simulate
something better. How do you hydrate cheese
and crackers—usually by sipping beer between
each mouthful. I can envision many esthetic
advantages and some very practical advantages
to rehydration in the mouth and stomach instead
of in an unesthetic plastic squeeze-bag. The
squeeze-bags are well suited, however, for rehy-
dration of beverages.

So where are we left with protein? Dr.
Hegsted touched on many unanswered problems.
Appetite can be depressed by amino acid im-
balances; we should know why and under what
circumstances, but we can certainly avoid such
problems with our present knowledge. How
significant is specific dynamic action? What is
the basis of it? How much does stresss affect
nutrient requirements? How much do require-
ments of individuals vary? What is the source
of endogenous nitrogen losses? To what extent
can these losses be modified? All of these are
important questions and to all of them we need
answers so that we can improve the efficiency and
reliability of feeding programs. We should
support research on them, but I believe we have
enough information so they do not pose insur-
mountable stumbling blocks for us even now.
They merely increase the size of the safety
factor that must be included. The relationship
between dietary monotony and physical and
mental performance is, to my mind, a more im-
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~ mediate problem. Again, I suspect it is exag-

gerated and that satiety is more important than
variety—particularly when the objective of eat-
ing is survival rather than the allaying of bore-
dom and monotony.

Therefore, I would conclude that just as we
do not know all there is to know about efficiency
and economy with respect to rocket fuels, so
also we do not know all there is to know about
protein utilization and requirements. Never-
theless, we know enough to accomplish our im-
mediate aims. We should not limit ourselves by

145
devising complex answers to problems that can
be solved simply with sufficient accuracy for
current needs. It is a delusion to calculate ten-
place answers to problems based on measure-
ments that are accurate to only two significant
figures. Nevertheless, if research on the present
areas of ignorance is properly supported and
the talent of outstanding research workers is
used effectively, I am confident that we shall be
able to keep pace with the increasing nutritional
demands posed by developments in rocketry and
capsule fabrication.
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This brief review does not permit an extensive evaluation of such stresses as radiation,
reduced atmospheres, zero or reduced gravity, wearing of pressure suits, possible effects
of extremes in environmental temperature, and atmospheric toxicants. Neither has much
attention been given to such psychological stresses as isolation, monotony, loneliness, frus-
tration, and speed-time or day-night sensations. These areas will require much attention
and definitive answers are in most instances lacking. What has been emphasized is that

present methodology for evaluating nutrient requirements of individuals under normal
‘ day-to-day stresses on Earth imply that there is considerable variation among individuals.
This would suggest strongly that in the selection of astronauts considerable attention
should be directed toward establishing physiological behavior of individuals under con-
trolled nutrient intake conditions. This might at least assure that individuals with
tnusually high requirements for individual nutrients could be eliminated for consideration
for extended explorations into outer space. Since it is already known that adaptive
phenomena exert an effect, the suggested physiological studies should extend over a suffi-
‘ cient period to allow for evaluation of individual adaptability to specific stresses.

Even considering the relative importance of minerals and vitamins, with minor excep-
tions, possibly thiamine, several months to several years are required to deplete mineral
and vitamin stores in healthy adults placed on deficient diets. In meeting requirements
for extended space flights, first consideration should be given to the allowances for salt
since both excessive and deficient intakes have marked influences on maintenance of water
balance. The total requirement for other minerals and vitamins can be furnished, as
they are now known, without unduly adding weight to the total nourishment needs of
man. Their total weight would at most represent only a few percent of the total weight
of food and water. Brief note is taken of the special needs for considering ration or
nutrient stability under conditions of prolonged storage under flight conditions.

| All climatic regions of the Earth are in-
habited by man. With the development of sub-
marines man was exposed to a very limited

Our object here is to examine what we know
about man’s nourishment under conditions of
outer space.

microclimate. The development of aircraft
and expeditions to high altitudes subjected man
to still other environmental deviations. Now,
ventures into outer space add still another en-
vironment. The limited exploration of the
latter, and the wide experience with the Earth-
bound environments leave us with the conclu-
sion that man is adaptive and can nourish him-
self under a variety of environmental stresses.

Although first concerns should be for water
and energy, then protein, some consideration
must be given to minerals and vitamins even
though the total quantities needed for a 3-year
exposure may not equal more than a few percent
of the body weight of the astronaut.

In considering minerals, first concern should
be for the electrolytes prominent in the circula-
tion, namely sodium and chloride. Tradition-
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ally we consume the equivalent, in table salt,
of 7.5 to 18 grams per person per day (ref. 1).
Urine ordinarily contains 60 grams of solids
(24-hour sample) of which approximately one-
fourth consists of sodium, potassium, and chlo-
ride. Excessive intakes of these electrolytes
would increase the obligatory urine volume.
An intake of 2 grams of sodium chloride per
1000 calories per day has been suggested as
protective of the body water when water is
limited. This is an amount which would sup-
port physical function with moderate sweating.
An intake much in excess of this would require
extra water for its elimination via the urine
(ref. 2) unless balanced by losses through sweat.
Tt must be assumed that if excess sweating is to
be encountered not only sodium but other min-
eral losses, such as potassium, calcium, and iron,
would have to be given consideration. Water
consumption in excess of 4 liters per day would
require approximately 1 gram of additional salt
per liter of water (ref.1).

In considering food sources, it should be re-
called that plant foods, in general, are higher
in potassium content than in sodium content.
Since excess potassium intake elevates sodium
excretion, it is common for herbivorous animals
to cravesalt. Certainly, attention must be paid
to the relative balance of sodium and potassium
in foods for astronauts. It is proposed that
potassium should be limited to approximately
1 gram per 1000 calories per day.

In considering other minerals and vitamins I
think it is appropriate to affirm that consider-
able variation exists among individuals, espe-
cially when we consider the population from
which astronauts are selected. Our population
is generally well nourished. In many individ-
uals overnourishment is a prominent feature.
Thus, we must assume that even though we
have no precise knowledge as to the true varia-
tions in requirement for nutrients, the astronaut
will not be characterized as an individual who
has been exposed to nutritional stresses as a
measure of his capacity to adjust to unusual
situations. This being the case, it may be ap-
propriate to examine variations in nutrient re-
quirements or allowances, recognizing that at
present we do not know whether physiological

requirements actually vary greatly or whether
much of the variation found may ultimately be -
attributable to faulty experimental techniques.
Table I summarizes selected mineral and vita-
min allowances, physiological minimum need, .
and acceptable ranges of intake. In developing
the recommended dietary allowances it should
be emphasized that they are intended to main-
tain good nutritional health in essentially all in-
dividuals in the population (ref.3). With var-
iation present, it must be assumed that these
allowances are actually excessive for a signifi-
cant number of individuals in the population.
In the development of acceptable ranges, cogni-
zance of variation is implied and the acceptable
range for some nutrients is considerable. Esti-
mates of requirements, or minimum physiologi-
cal needs, are taken from the literature and
from summaries by the Food and Nutrition
Board.

Table IT summarizes an attempt by Pett (ref.
4) to illustrate variations in intake in adults for
achieving calcium balance (food calcium=
fecal+urine calcium). The range implies
more than a threefold variation, with concentra-
tions of individuals in the intake range of 400
to 500 mg of calcium per person per day. This
can be compared with the results of the careful
and extended studies of Malm (ref. 5) on 26
men (fig. 1). The distribution of the indi-

TaBLE 1.—Standards for Vitamins and Minerals—
Reference: Male; Age: 25 Years

Amount daily
Vitamins
and NCR | Esti- | ICNND
Minerals allow- | mated | accept-
ance [require- able
ment range
Calcium, mg._ . _____ 800 457 400-800
Iron, mg___________ 10 | -_-_. 9-12
Thiamine,
mg/1000 keal ____ 0.4 0.2]0.3-0.5
Riboflavin,
mg/1000 keal_____ 0.6 0.3 |»0.4-0.5
Niacin,
mg/1000 keal_____ 6.6 4.4 |=3.3-5.0

« Assuming 3000 keal intake.
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TaBLE I1.—Calcium Requirements for Balance
[Source: Ref. 4]

Interval, Number
mg Ca/day of cases
0.25-0.29___________ e 11
B0- 34 .. 11
35— 89 .o 11
40— 44 .. 21
45— 49 . 10
B0- B4 ... 12
55— .59 oo 8
60— .64 _ . o ______ 7
65— 69 . 3
70— T4 . 1
75— 79 . 1
80~ .84 _ o eo. 1

vidual requirements is again extensive, the range
being about as extensive as that found by Pett
in examining the earlier data. Malm’s average
estimated requirement is equal to 457 mg per
man per day, almost the same as the average
summarized by Pett from earlier data. Figure1
also contains data on calcium retention in 45
preadolescent girls. It isintended to show that
individual variations here are also extensive and
that some girls (open circles) retain calcium as
well or better on 900 to 1000 mg daily intakes as
others (filled circles) consuming 10 to 15 per-
cent more calcium. These data suggest that
with appropriate advance physiological studies,
it should be possible to select astronauts and
maintain them in good nutritional health with
regard to calcium on daily intakes of about 300
mg. The probability cannot be stated in exact
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terms, but it is probably safe to assume that at
least one in 20 healthy young men would fall
into this category.

Table ITT summarizes the attempt by Pett
(ref. 4) to illustrate individual variations in
the adult requirement for iron balance. Al-
though the data source is not made clear, it can
be assumed that both males and females are in-
cluded. It is generally recognized that the
monthly loss of iron through menstrual flow in
women is equal to the loss via other channels.
Hence, it is reasonable to assume that the female
would require twice as much iron for balance as
the male. On this basis the data suggest that
there is at least a fourfold variation in dietary
iron need for maintaining balance in adult men.
Again, the data are limited, but one of 20 young
men could again be assumed to remain in good
health with respect to iron on a daily intake of
3 to 4 grams. It is known that bed rest leads
to disuse atrophy and this may be of importance
in connection with prolonged space flights and
the maintenance of a healthy skeletal structure.
In searching the literature on healthy young
men subjected to an immobilized state I failed to
uncover data that would permit an estimate of
the daily calcium losses that can be expected.
Johnston’s studies (ref. 6) on convalescent chil-
dren refer to the classical studies of Cuthbert-
son (ref. 7) who, in healthy men, found daily
losses of 1 to 1.5 grams of calcium as not uncom-
mon in young men subjected to complete bed
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ak o= 20girls 79 1050-1174 ©

oL o &= 26 men

Ficure 1.—Calcium retention in children and estimated requirement in men.

(Source: Children, Sou.

Reg. Stdy., S-28, 1954-58; men, ref. 5.)
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rest. Unfortunately, in these studies the cal-
cium intake was not measured although it was
stated that intakes were liberal. The data in
table I'V are for two children with active tuber-
culosis studied by Johnston. The data suggest
that transfer from complete bed rest to limited
muscular exercise can improve calcium reten-
tion to the extent of 200 to 300 mg per day. More
extensive studies are needed to define more ac-
curately the extent to which very limited mus-
cular activity may be able to overcome the losses

TaBLE lIl.—Variations in Iron Requirement for
Balance in Adults

[Source: Ref. 4]

Interval, Number
mg Fe/day of cases
3-3.9 . 1
449 .. 0
5-59__.__ e e meeeeao 3
6-6.9 . .. 4
779 e 4
8-8.9 . 2
9-9.9_ ... 2
10-10.9. . ... 1
11-11.9. ... 2
12-129 _____ ... 1

‘TaBLE IV.—Calcium Balance During Rest and
Activity
[Source: Ref. 6]

Calcium, mg/day

Days Remarks
In- | Urine | Feces | Bal-

take ance

Case 1: 2-year-old boy, active TB

18 | 1779 68 | 1186 | 525 | Actives
18 | 1789 140 | 1410 | 239 | Rest

18 | 1797 131 | 1379 | 287 | Rest

18 | 1725 101 | 1463 | 161 | Rest

24 | 1739 82 | 1360 [ 297 | Active

Case 3: 5-year-old girl, active TB

36 2105 | 230 | 1623 252 Rest
36 2105 | 139 | 1968 —2 Rest
36 2157 | 118 | 1831 208 Active ®

* Attending school in a wheelchair.
b Bicycle, 9 minutes twice daily.

associated with complete muscular inactivity.

It can be assumed that limited muscular activity -

will be possible in space travel.

The relation of emotional state and calcium
balance has likewise received only minor atten-
tion. The data in table V are those of subject
12 in the long-term study by Malm (ref. 5).
There is rather convincing evidence here that
increasing tension, a phenomenon that astro-
nauts will no doubt encounter, has a profound
effect on the calcium balance. During the 98
days when his calcium intake was 1024 mg daily
the subject retained only 205 mg. It was a
period following an attempted escape from the
prison during which he was teased incessantly
by his tougher comrades for having failed to
escape. He adjusted to this and was able to re-
tain calcium for 210 days with an intake of only
574 mg daily.

Then he began worrying about passing exam-
inations. He had turned into a good prisoner-
student and was attending classes. This was
followed by mounting tension because of threats
that he might be subjected to isolation. Since
his fecal calcium was consistently exceeding that
in the food the isolation threat was imposed to
be sure he was not cheating on his food intake.

TABLE V.—Calcium Balance and Emotional State—
Subject 12

[Source: Ref. 5)

Calcium, balance mg/day
Days Remarks
In- |Urine| Feces | Bal-
take ance *
126 954 | 125 | 482 | 347 | Adjusted
98 | 1024 | 193 626 205 | Tense, de-
pressed
210 574 | 157 | 357 60 | Adjusted,
relaxed
322 543 | 187 596 |—240 | Increasing
tension
14 563 | 224 | 1020 [—681 | Tension high
14 560 | 232 | 1249 (—921 | Tension
climax
56 599 (| 247 | 358 —7 | Relaxed
28 566 | 185 565 |—183 | Tension rising

* Negative balance=8.8 percent of estimated total
body calcium.
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He objected violently to isolation and won his
point. The resulting relaxed period coincided
with a marked decrease in calcium loss, with
balance essentially being obtained. The final
rising tension was brought on by his increasing
insistence that he be released from further par-
ticipation in the study, having at that time
been a subject in the study for 2.5 years. It is
of some importance that during the period, in
excess of 1 year, when the daily calcium losses
sometimes reached as high as 921 mg per day,
the total calculated calcium loss did not exceed
8.8 percent of the estimated total body calcium
(ref. 8). It would be difficult to measure this
degree of skeletal depletion with bone density
measures currently in use (ref 9). Neverthe-
less, in view of the observation that emotional
state can influence calcium utilization it would
appear advisable to subject astronauts to emo-
tional stresses during metabolic balance studies
in order to have some advance measure as to
the extent to which such stresses may influence
individual calcium losses.

Sweat losses of nutrients have generally been
ignored in evaluating nutrient requirements.
That they can be considerable, at least for cal-
cium and iron, is illustrated in the data shown
in tables VI and VII from the studies reported
in references 10 and 11, respectively. It should
be noted that in the case of calcium there ap-
peared to be adaptation with continued expo-
sure to the temperature of 100° F, the average
per hour sweat loss of calcium declining from an
initial 4-day hourly rate of 36 to a rate of 17 mg
per hour during the 13th to 16th days. Under
normal temperature climatic conditions the esti-
mated daily calcium loss is assumed to be about
20 mg (ref. 1). In the data for iron (table
VII) there was no clear adaptation evident.

A consideration of variations in nutrient re-
quirement indicates that vitamin requirements
may vary fully as much as mineral require-
ments, if we can rely upon present methodology
for assessing nutritional status. With respect
to ascorbic acid it is widely accepted that there
is wide variation among individuals if one uses
degree of tissue saturation as a measure of nu-
tritional status. The studies of reference 12, in
which regression equations for mean response

TaBLE VI.—Calcium Loss in Sweat in Young Men

[Source: Ref. 10}

[Caleium intake: 581 mg/man/day; Data average:
three men; Calcium loss in sweat during cool
period: 3 mg/hr; Activity: moderate exercise 30
min daily]

Average calcium loss, mg

Days at 100° F

per 7.5 hr per hr
1-4 . 270 36
58 .. 153 20
912 .. 125 17
13-16_ .. ____ 127 17

TaBLE VII.—Iron Loss in Sweat in Young Men

[Source: Ref. 11]

[Iron intake: 23.4 mg/man/day; Data average: three
men; Activity: moderate exercise 30 minutes daily]

Days at 100° F Average iron loss
mg/man/day
-4 . 1.01
58 o ciceao . 96
912 o ____ —————— 1. 07
13-16_ __ .. . 86

in blood ascorbic acid in postoperative patients
were compared with those found in young
healthy adults (ref. 3), led to the conclusion
that individual variability was extensive.
From regression analyses of data collected dur-
ing controlled intakes, ranging from 0 to 300
mg per person per day, it was concluded that
200 mg of ascorbic acid daily was required to
maintain “near-saturation of tissues” in 95 of
100 individuals in the population. Half-sat-
uration of blood could be achieved with 95 per-
cent confidence on daily intakes of 75 mg.
From animal studies (refs. 14 and 15) this level
of saturation is probably sufficient to prevent
defects in wound healing.

Ascorbic acid has been demonstrated to play
an important role in develepment of tolerance
to cold in experimental animals. Whether this
applies to man is much less clear (ref. 15), al-
though it would appear appropriate to examine
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this further if cold exposure is to be anticipated
in space flights. At least one proposal has been
advanced that astronauts be provided with 100
to 250 mg of ascorbic acid per day and that this
level would not be considered superfluous over-
nutrition based on present knowledge (ref. 16).

An evaluation of variations in requirements
for the B-vitamins is difficult because of limited
studies on man for extended periods. Pett’s
(ref. 4) summary of variations in the estimated
thiamine requirement is given in table VIII.
A threefold to fourfold variation is implied,
with daily requirements ranging from 0.4 mg to
over 1.5 mg. Figure 2 illustrates the variations
in thiamine excretion encountered in studies
on 17 preadolescent girls who were on a con-
stant intake of 0.5 mg of thiamine per 1000 cal-
ories for periods of 4 to 8 weeks. There was
no evidence of trend toward increasing or de-
creasing thiamine excretions during the course
of the study so it can be assumed that the intake
was probably similar during the preexperi-
mental period. One standard deviation around
the mean daily excretion of 250 mg encompasses
about two-thirds of the sample. The coefficient
of variation is about 20 percent. Extending
to 2 standard deviations, or about 95 percent
of the observations, reveals an excretion varia-
tion ranging from 135 mg to 365 mg, or a three-
fold variation. If excretion is related to re-

0
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FiGURE 2.—Distribution of urinary thiamine excre-
tion in children. Intake: 0.5 mg/1000 cal;
Mean: 250.31:57.5. (Source: 17 girls, age 7-9
yr, Sou. Reg. Stdy., S-28, 1954-58.)

quirement, as is assumed, the variation is about
as was concluded from Pett’s analysis of the .
earlier data. It is rather striking that some
of these children were rejecting as much as 40
percent of intake, whereas others were excreting
only about 10 percent of the intake. Even
though total needs for B-vitamins for the astro-
naut could be supplied by a few capsules, it
might be worthwhile to develop uniformity
data in order to eliminate those individuals who
exhibit unusual metabolic patterns.

TaBLE VIII.—Adult Thiamine Requirement

[Source: Ref. 4]
Number of
Interval, mg thiamine/day: cases
0.4-0.59 . --- 3
6 T . 4
8- 99 . 4
1.0-1.19_ _ .- 2
1.2-1.39 . - 1
1.4-1.59 o 1

Figure 3 shows individual distributions of
urinary riboflavin excretions in men who were
maintained on daily intakes of 0.3 or 0.5 mg
per 1000 calories for a period of 9 months
(ref. 17). The indications are that prolonged
studies are advisable and may considerably re-
duce variations encountered in short-term
studies. The daily excretion range extended
from 60 to 100 pg when the intake was 300 ug
per 1000 calories. About the same range (100
to 150 pug) was observed for those whose intake
was 500 pg per 1000 calories. Using this distri-
bution for predicting variations in requirement
one could conclude that the range of require-
ment, for individuals varied but little. Never-

theless, the last individual in the 0.3 mg per
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FIGURE 3.—Urinary riboflavin after 9 months of
constant intake. (Source: Ref. 17)
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1000 calorie group appeared to be similar to the

. first individual in the 0.5 mg per 1000 calorie

group, suggesting that for some individuals the
0.3 mg per 1000 calorie intake provides tissue
saturation levels equal to those achieved by

* others with an intake nearly twice as high.

Concerning other vitamins, there is some
reason to believe that vitamin E and other anti-
oxidants (refs. 18 and 19) should receive some
attention in rations for space flight, particularly
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Discussion: Mineral and Vitamin

Requirements of Long Flights

As Dr. Engel and others have suggested, an
adult astronaut will require about 1100 kilo-
grams of exogenous nutrients per year of space
flight if we feed him the National Research
Council allowances and allow him 2 liters of
uncycled water and 500 grams of oxygen per
day. Of this amount, only 1 kilogram will con-
sist of vitamins and minerals and we are thus
not particularly restricted in terms of weight
since this is less than 0.1 percent of the main-
tenance load.

Dr. Engel has alluded to the possibility that
the mineral and vitamin requirements of the
astronaut may be altered. In general, it would
seem that two opposing factors may operate in
the long term flight situation, one of which may
tend to decrease nutrient needs and the other
to increase them. Weightlessness and the rela-
tively low index of physical activity in the space
capsule will seemingly result in a reduced need
for most nutrients. On the other hand, it is
conceivable that “stress” may increase nutrient
need. If these are the major factors to be dealt
with, the nutrient needs of the astronaut aloft
will probably not differ radically from those on
Earth. Unfortunately, we have no assurance
that such will actually be the case and a variety
of other considerations suggest themselves.
What, for example, will be the results of long
term exposure to an atmosphere that contains
no inert gas? Will the bacterial flora be altered
sufficiently to produce more or less micro-
nutrients? Indeed, have we sufficient evidence
to exclude the possibility that gaseous nitrogen
is an essential micronutrient? Also, how can

WirLiam N. PEARsoN
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we be certain in long term flights that the
stainless steel microcosm of the astronaut will
furnish him the metal contaminants we get in
our earthbound environment? The recycling
of water will presumably remove contaminants.
Will the increased exposure to irradiation alter
nutrient requirements? What will be the mag-
nitude of the nutrient losses in sweat? The
forced ventilation design of pressure garments
enhances evaporation from the skin surface. In
reference 1 it is reported that the water intake
of an astronaut wearing a ventilated pressure
suit with an air inlet temperature of 60° is
increased by almost 1200 milliliters per day.
Will the unbathed astronaut be encrusted in
an exoskeleton composed of sweat deposits after
several months in space? If so, how will it be
removed? Will its presence reduce further
mineral losses? The psychological effects of a
low-residue, high-monotony diet must also be
considered but I am inclined to minimize this
as a problem area.

Having raised many questions and answered
none, I would like to turn briefly to “stress”
and the specific question as to whether it in-
creases vitamin requirements. In at least one
publication on the nutritional needs of the space
traveler a multivitamin tablet was included to
“alleviate” stress (ref. 2).

Even if it is agreed that the astronaut is sub-
jected to considerable stress during flight, there
is no convinecing evidence to suggest that extra
vitamins will, in fact, be of benefit. The litera-
ture relating to this subject is characterized by
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poorly controlled studies and conflicting con-
clusions (ref. 3). There is some evidence that
vitamin deficient animals have difficulty re-
sponding to stresses but, in general, it has not
been convincingly demonstrated that the vita-
min supplementation of persons having normal
vitamin reserves will improve performance or
mental well being (refs. 4 to 7). 1 am unim-
pressed, therefore, by the supposition that
astronauts should have additional vitamins. I
am, however, reconciled to the fact that the first
spaceship to be launched on an extended probe
will contain bottles of vitamin tablets since the
weight burden of doubling the NRC allowance
for all vitamins would amount to less than 100
grams of material per year per astronant. The
supplemental level of each vitamin should be
carefully considered. In this regard I am a
bit confused about a figure given in a preceding
paper concerning the SPAMAG recommended
diet. A vitamin “Supplement” was listed as a
standard NRC minimum-daily-requirement
polyvitamin tablet. Aside from the fact that
NRC does not have an MDR list, it is not clear
to me if this supplement is to be given in addi-
tion to the vitamins found in the diet. I would
also like to caution against the use of a blanket
increase of x times the NRC recommended al-
lowances. It is one thing to increase the intake
of vitamin B,; several fold. It is another thing
to effect a similar increase in the intake of vita-
min D. Although the rapid urinary excretion
of excess water-soluble vitamins takes care of
these vitamins, this route of excretion is not
available to handle large excesses of fat-soluble
vitamins. The latter are stored in large quan-
tities in the liver and excessive intake can re-
sult in toxicity. The tolerance limits for excess
vitamin D is particularly low. I would also like
to point out that the act of swallowing a vitamin
capsule does not necessarily insure that its con-
tents will reach the tissues. It has been found,
for example, that the vitamins contained in
some vitamin tablets are not fully available to
the body (ref. 8). If astronauts must have
vitamin tablets, they should be in a form that
disintegrate readily so that the vitamins can
actually be absorbed.

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

The profound effect of various factors on cal-

cium balance has been emphasized by Dr. Engel -

and others. This mineral deserves particular
attention since Cockett, et al. (ref. 9) have sug-
gested that weightlessness and relative immo-
bilization during space flight may produce sig-
nificant decalcification of the skeleton and a
concomitant increase in the tendency to form
urinary calculi. Weightlessness tends to pro-
duce stasis in the bladder which is further com-
plicated by a decrease in urinary urgency.
These workers suggest that astronauts be well
shielded from ultraviolet light while in space,
since this would promote the synthesis of vita-
min D and thus enhance the uptake of calcium
from the diet. This possibility seems remote to
me. If a marked alteration in the calcium in-
take of the astronaut is anticipated it should
be introduced a considerabls period of time in
advance of the flight since it has been reported
that animals who are accustomed to high die-
tary calcium intakes are unable to decelerate
the turnover of calcium when faced with a re-
stricted intake later in their lives (refs. 10 to
12).

To me this calcium problem is a particular
dilemma. If the astronaut goes into negative
Ca balance as a result of weightlessness and im-
mobilization, should an attempt be made to in-
crease his intake to maintain his stores, or
should he be permitted to reach a new equilib-
rium at a lower level of body stores? This
would seem to me to be an important consid-
eration.

In conclusion, I certainly agree with Dr.
Engel and others who have pointed out the need
for the biochemical examination of astronauts
to determine if they have any aberrant nutri-
tional needs. In addition, a dietary history to
determine their usual levels of nutrient intake
would be very informative, with particular at-
tention being paid to calcium. Although the
use of vitamin supplements is of questionable
value, it is probably inevitable, and I would
therefore urge careful consideration be given
to the magnitude of the increased intake and to
its physical form.

-
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Human Nutritional
Requirements for Water

in Long Space Flights'

DEFINITION OF THE WORD
“REQUIREMENT”

Some authors have defined the requirement
for water in terms of balance without reference
to function (ref. 1, p. 208). Others prefer to
discuss it in terms of efficiency or health as re-
lated to changes in the total body water or its
various subdivisions (ref. 2). In our studies of
the survival ration problem we have preferred
the latter approach as being both more logical
and more meaningful practically (ref.3). The
first definition demands that over a given stretch
of time the water balance be neither positive nor
negative. The second definition requires that
the total body water and its related osmotic con-
centration be adequate to support efficiency in
the performance of assigned tasks and to pre-
vent clinical evidence of syndromes such as
orthostatic hypotension, impairment of renal
function, or hyperthermia, to name three con-
ditions which can result from a severe water
deficit.

Various words which have been used com-
monly in discussions of the water requirement
are in some instances ambiguous, etymolog-
ically unsound, or both. We propose the fol-
lowing terms and their definitions:

! Experiments in the author’s laboratory were sup-
ported in part by the U.8. Air Force under contract AF
18-600-80 with the University of Illinois, and in part
by the U.S. Army under contract MD 2222 with the
University of Illinois.

RogerT E. JoHNsoN

Professor of Physiology
Department of Physiology and Biophysics

University of Illinois ]
N65w1858!

(a) normohydration—adequate hydration by
whatever criteria an author specifies

(b) hypohydration—a water deficit

(¢) hyperhydration—a water plethora

(d) normohydremia, hypohydremia, and
hyperhydremia—normal, low, or high concen-
trations of water in the blood

(e) dehydration—to be reserved for dried
foods and tissues from which all or virtually all
the water has been removed

(f) hydropenia—a deficiency of water for
drinking

(g) exchangeable water pool—chemically
identifiable water which is available for detect-
able and definable physical or chemical trans-
actions in the body’s metabolism

THE WATER BALANCE

Components

The water balance is definable as the differ-
ence between the input from all sources into the
exchangeable water pool and the output from
all sources:

Hzobalnnce=H201nnut— HZOoutDm. (1)

The various components of the water balance
are listed in table I. The direct measurement
of some of these components, or at least their
computation, is possible. Examples are: Water
in beverages or food; water injected ; water in
the feces, urine, or blood ; and water lost through
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the skin, ma glands, and lungs. Of the
five reactions #hown that comprise metabolic
water, only the water of oxidation and associated
water are commonly mentioned. It is doubtful
that any of them can in fact be measured with
available techniques, and there is good reason
to question our present equations even for
Hzoux and Hanssoc- (See ref. 4, P- 112.)

To make his work a little easier, any human
metabolist is tempted to simplify his system.
He will keep his subject comfortable and quiet,
without sweating. He will choose a healthy
young man, and so avoid complications such as
H,Oumix or HyOpiee. He will keep his young
man without change of body weight or composi-
tion, and so duck awkward questions about
Hzopoly, Hzononexch, Hzohydr, and H2Oassoc-
Then his equation for water balance becomes:

Hzobnlancez (H2Oﬂuld+H2O!ood+ H2Oox)
— (H20teca1t+HzOpuimn +H2Oua0rm +H2Ourine)
2)
However, in real life, more often than not we
must face non-steady-state situations. We may

be dealing with the ill or injured, who are in a
catabolic state; or with athletes, whose metabo-

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

lism and water turnover is high because of fre-

quent exercise, hyperventilation, and sweating; -
or with growing adolescents, laying down pro-

tein, fat, and carbohydrate in their strongly

anabolic fashion; or with a sedentary scientist,

becoming obese; or even with a pregnant cos-’
monaut. The measurement or calculation of

the water balance under such circumstances is

unlikely to be accurate, although these may be

precisely the circumstances in which inadequacy

of the water balance may be injurious to efficien-

¢y, health, or even life.

Simplification of Peters-Passmore Equation

In another communication we have suggested
that an ingenious method for calculating the
water balance without measuring either the
water input or water output be named after
Peters of Yale, who proposed a complicated
form of it, and Passmore of Edinburgh, who
rescued and simplified it for metabolic purposes
(ref. 5, p. 318). T now propose a further sim-
plification of this equation, and an extension of
it. The full derivation follows:

Assume a comfortable environment and no
change in the gravitational constant. Let the

TaBLE 1.—Sources and Avenues of Input and Output for the Exchangeable Water Pool

Source or avenue Input

Output

Gastrointestinal - . _______ Beverage (HyO¢1gia) -~ oo coeeem oo Feces (HyO4e0a1)
Moisture in food (H3O00d) - - __ Vomitus or saliva
Pulmonary_ _ . __.___._._ Absorption of gaseous or fluid water | Vaporization H;Opy1m)
(Hzonulm)
Dermal  _______________ Absorption of gaseous or fluid water | Transpiration (HaOderm)
(H2Oderm) Sweat (Hﬁolweat)
Milk (H3Ouwin)
Renal._ | i l_._ Urine (HyOurine)
Cireulatory . ____________ Infusion or injection (Hy;Ominc)--------- Hemorrhage (H;O0b1004)

Exudation or transudation (H3Oum,s0)

(Hzopuly)

hydration (H;Opnonexon)

Oxidation (H300x) - - _ _.__
Condensation or polymerization

Release of nonexchangeable water of

Hydrolytic reactions (H;Onyar)
Water associated with protein, fat,
or glycogen (H3Oass00)
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change in body weight W be measured from
- time 1 to time 2. Then, if all measurements are
in the same weight unit,

W.— W,=(Gas absorbed — Gas expired) +

* (Fluid ingested — Fluid excreted) + (Solids in-
gested —Solids excreted ) (3)

For the simplified situation described in equa-
tion (2), the only metabolic gases involved are
oxygen and carbon dioxide; the only liquid is
water; and the solids are the total solids meas-
ured after drying. Then equation (3) trans-

| . forms to:

W2_Wl = (02, abs ™ 002. exp) + (H2Otluld + H2Otood)
- (H2Ourlue+H201ecal+H209ulm+H20derm)
+ (Solids ingested) — (Solids in urine and feces)

(4)
Add H;0,, to both sides. Then:

HzOpx+(W2—W1)=(Oz, aps— COq, exp) + (HyOt1u1a
+H:0t00a+H:00x) — (H:Ourtne+ HaOrecar
+HyO0pu1m + HzO4erm) + (Soling)

— (Solurine) + (Soltecar) (5)

But the terms involving H.O in equation (5)
define the water balance exactly as in equation
(2). Rearranging the terms of equation (5)
gives

HZObnlnncez (Wz—Wl) + (Coz, exp 02. abs)
‘l‘ (SOlurlne+ SOltecal_ SOliug) + (H2Oox) (6)

This is the form in which Passmore cast Peters’
awkward equation. The items involving body
weight and solids are easily measured directly.
The metabolic CO, and O, are measurable by
ordinary respiratory methods. Water of oxi-
dation must be computed. Peters did this by
assuming a steady state, in which tissue protein
metabolism may be calculated from urinary ni-
trogen, the carbohydrate is that of the diet, and
fat is calculated from the change in body
weight. Passmore calculated it from the non-
protein and protein respiratory metabolism
(after ref. 6).

We have discussed in another publication the
mathematical redundancy that exists in the
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Zuntz-Schumburg formulation (ref. 5, p. 317).
The only actual measurements made are the
oxygen consumed, the carbon dioxide produced,
and the organic nitrogen excreted in the urine.
As we have shown, the assumption that carbo-
hydrate and fat are oxidized fully to CO, and
H.O and that protein is oxidized to urea, CO,,
and H,O leads directly to a set. of simultaneous
equations for calculating protein, fat, carbohy-
drate, calories of heat, and water of oxidation.
The data for some pure compounds are given
in table II, and for common foodstuffs in table
IITI. These tables enable one to demonstrate
algebraically that all the named calculations are
functions of the three variables O,, CO., and
urinary nitrogen N,.

In the present context, we are interested in
H.O,.. Itsequation for a metabolic mixture is:

Grams H;0,,=0.0434 gram O;_ 4
+0.3349 gram CO;, ex,—1.04 grams N, (7)

Substituting equation (7) in equation (6) gives
HZObalance=W2_W1) + (002. exD—O2, abs)

+ (SO]urlne+ SOltecal - SOllng)
1(0.0434 O 1ps-+0.3349 CO; op—1.04 Ny)

and combining terms yields

I—IZObalnncezu/7 —Ww l) + (13349 CO2, exp
—0.9566 O ;s—1.04 N,)
+ (SOlurlne+ SOlfecal-SOIIng) (8)

This would seem to be the ultimate in opera-
tional simplicity for the Peters-Passmore equa-
tion.

The practical uses of equation (2) and equa-
tion (8) are illustrated by the following exam-

ples. A healthy young man fasted for 36 hours,

with water ad libitum. The various components
of the input and output were either measured
directly or computed from the following list of
factors:
Total solids of blood=0.2 gram/gram whole
blood
Total solids of feces=0.2 gram/gram original
feces
Total solids of urine and sweat are measured
after exposing urine and sweat for 12 hours in
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TasLE IL.—Metabolic Reactions of a Carbohydrate, a Glyceride, and a Peptide

Substance and
measurement

Chemieal equation and values

Glucose (Respira- CeH ;204 +6 O, = 6 CO, + 6 H,O 4 673 keal
tory quotient,
1.00).
Gram-mol weights____ 180 192 264 108
Vol. equivalent_______|_ _._______________ 134 liter 134 liter 134 liter
(gas)
Heat equiv., keal ____|_ ________________._ 5.01/liter 5.01/liter 5.01/liter
(gas)
Palmitin (Respira.- 2(C51H9306) + 145 02 = 102 COz + 08 HﬂO 4+ 15 233 keal
tory quotient,
0.70).
Gram-mol weights____ 1612 4640 4488 1764
Vol. equivalent._____ |- ____________.___ 3247 liter 2284 liter 2175 liter
(gas)
Heat equiv., keal ____|-_________________ 4.66/liter 6.67/liter 7.00/liter
(gas)
Glycyl-glycine (Re- | NH,-CH,;.CO.-NH. +3 O, = (NH;).CO + 3 CO, +2 H,0 +471 keal
spiratory quotient, CH,.COOH
1.00).
Gram-mol weights. .. 132 96 60 132 36
Vol. equivalent__._.___{ _________________ 67 liter __________ 67 liter 45 liter (gas)
Heat equiv.,, keal. ___ | _________________ 7.03/liter  __________ 7.03/liter 14.66/liter
(gas)

TaBLE I11.—Products of Oxidation of 1 Gram of Foodstuff in the Body *

07 CO; HzO Heat
Substance consumed, produced, produced, produced,

g g g keal
Monosaccharides, e.g., glucose - ________________ 1. 067 1. 467 0. 600 3.8
Disaccharides, e.g., sucrose_ _ - - __.______._ 1. 122 1. 543 . 579 4.1
Starch_ _ _____ .. 1. 185 1. 629 . 556 4.3
Fat (lard) . _ .. 2. 876 2. 805 1. 071 9.3
Protein. - . __ __ L __ 1. 382 1. 522 . 396 4.1
Urinary N b _ e aiao 8. 638 9. 513 2. 475 25. 6

s Adapted from reference 4, p. 149.
b The factor 6.25 is assumed to correct urinary N to protein catabolized.

vacuum oven at 80° C and pressure of about 720
mm Hg (28 in. Hg).

Specific gravity of whole blood=1.05

1 liter CO,=1.9769 gram

1 gram CO,=0.5058 liter

1 liter O,=1.4290 gram

1 gram O,=0.6998 liter

Blood water=0.8 gram/gram whole blood

Sweat water=0.95 gram/gram sweat

Fecal water=0.8 gram/gram feces

The numbers used in the orthodox calculation
of water intake minus water output (eq. (2))
are conveniently put in the form of an “income
tax computation” as shown in table IV,

When the Peters-Passmore equation is used,
the various factors related to water disappear;
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TaBLE 1V.—Example of Computation of Water Balance From Fluid Gains and Losses During 36 Hours

- of Starvation According to Equation (2)
WaATER GAIN

1. Fluid water_ e 400
2. Food water_ . 0
3. Metabolic water

(@) Oge oo e 287.7%0.0434= 12.5

(b) COpoee o oL 283.3X0.3349= 94.9

(¢) Add lines (a) and (b) - .. 107.4

(4) Nt o e e 1.3X1.04= 1.4

‘ (e) Subtract line (d) from (€)oo e 106
‘ ’ 4. TOTAL WATER GAIN (add lines 1, 2, 3(€)) - - o oo e 506 grams
WATER Loss

1. Dermal plus pulmonary (insensible water loss)

(a) Body weight 1______ ___ e 77 427.0

(B) Ogyabmm e oo oo oo e 287.7

(€) Food. . e 0.0

(d) FIUA oo o oo 400. 0

() Add lines (8)=(d) - oo o oo e 78 115

(&) Body weight 2. ___ e 76 467.0

(g) Co2yezp —————————————————————————————————————————————————————— 283.3

(h) Urine. - o o e 217.3

(D) FeceS oo e 0.0

G) Blood._ e 29.4

(k) Add lines (f)~(3) - - - oo oo oo e 76 997

(1) Subtract line (k) from (€) .- - - e 1118
2. Fluid (sensible water loss)

(a) Urine water-- . . e 208.6

(b) Fecal water— - - . e 0.0

(¢) Blood water- .. o e 23.8

(d) MisC. Watber— - oo e 0.0

() Add lines (8)—(d) - - oo oo oo oo e 232
3. TOTAL WATER LOSS (add lines 1(1) and 2(€)) -~ - o oo oo o oo oo e 1 350 grams

WATER BALANCE

Subtract Total Loss from Total Gain. . _ . e —844 grams

but the final answer must be the same for the
same data. An example for the 36-hour fast
described above is given in table V.

Measuring Metabolic Water
If equation (8) is to be valid, the only input
of metabolic water must be from water of oxida-
tion, as listed in table III for common food-
stuffs. However, there are several potentially
invalidating sources of gain and loss of meta-

bolic water in the system, as listed in table I.
Examples of these for each of the major nutri-
ents are:

(1) Polymerization of glucose

CBHIZOG + COHIZOB = H2O + CIZH22011
(2) Condensation of amino acids

NH.CH,-COOH+NH. CH,-COOH
=H,0+NH,-CH,-CO-NH-CH,-COOH
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(8) Esterification of glycerol

CH;0H.CH,0H-CH;O0H+CH,-COOH
=H,0+CH,0H.CH,0OH-CH,.CO-CH,

(4) Hydration of protein
Protein+nH,0=Protein (nH,0)

(5) Water of association
It is stated (ref. 1) that 1 g protein is asso-
ciated with 3 g H,O; 1 g neutral fat with 0.1
g H,0; and 1 g glycogen with 1 g H,O.
The older terminology lumped all these to-
gether with water of oxidation under the term
performed water. When the water supply is
unlimited, and under steady-state conditions of
input-output, these reactions would cancel out;
the sum of water of oxidation and water of
polymerization would remain constant. How-
ever, if water were limited, especially when a
catabolic situation existed, as in a starving cast-
away, then water of hydrolysis might represent
a significant drain on the body’s water supply.
At the same time, some water of association
would be released with each mol of protein,
neutral fat, or glycogen catabolized; but this
would not be enough to cover the hydrolytic de-
mand of one mol of water for each mol of di-

TaBLE V.—Example of Computation of Water Bal-
ance by the Peters-Passmore Equation During 36
Hours of Starvation According to Equation (8)

1. Add the following:
(a) Weight 2__________ 76 467
(b) CO,.____ 283.3X1.3349=378

(¢) Solids in urine______ 9
(d) Solids in feces____._ 0
(e) Solids in sweat_____ 0
(f) Solids in blood_____ 6

(8) TOTAL (add lines (a)-(f))-__
2. Add the following:

76 860 grams

77 427
(b) Oy ____ 287.7X0.9566 =275
() Nyooo . 1.3X1.04=1
(d) Solids in food_ .____ 0
(e) Solids in beverage___ 0

(f) TOTAL (add lines (a)—(e))... 77 704 grams

3. WATER BALANCE (subtract 2(f)

from 1(g)) —844 grams

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

saccharide, dipeptide, or monoglyceride, as the
data of the above list and table I1I can be used -
to demonstrate.

As a matter of some interest, both theoretical
and practical, in using deuterium oxide as an
isotopic tracer we have encountered conditions
when an initial test dose gave satisfactory data
for total body water, and yet 2 weeks later, after
a catabolic regimen with restricted water, a re-
peat test dose did not give good data, even when
all appropriate corrections were made for loss
of D,O from the skin, lungs, kidneys, and
gastrointestinal tract as well as translocation
of D for H within the body (refs. 7, 8, and 9).
The analytical procedures were impeccable;
both the falling drop and the infrared spectro-
photometer agreed. The values for the second
determination came out as much as 10 percent
higher than the first even after water depriva-
tion. We speculate that some D,0O was used for
hydrolysis, and thus in effect was sequestrated,
resulting in a falsely high ratio of H,O to D,O.

We conclude that the shakiest part of all cal-
culations of the water balance is in the various
fractions of the metabolic water.

DISTURBANCES OF WATER BALANCE

In this discussion we are presumably not con-
cerned with diseased persons, but only with
healthy astronauts. However, we must consider
stresses and disturbances of organ and tissue
function which could lead to inefficiency or
jeopardize health. Indeed, the definition of
requirement that we have chosen implies a con-
sideration of the abnormal to define the normal.
The types and causes of disturbed water balance
are as follows:

I. Hyperhydration
A. Primary
1. Overdrinking
2. Inappropriate intravenous therapy
B. Secondary
1. Edema
a. Cardiac
b. Renal
2. Nutritional (increased osmotic balance)
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TI. Hypohydration
A. Primary
1. Deprivation
a. Withholding
b. “Voluntary dehydration,” i.e., inap-
propriate thirst responses
2. Increased loss
a. Sweating
b. Evaporation from skin and lungs
B. Secondary
1. Fever
2. Renal dysfunction
a. Diabetes insipidus
b. Nephritis
3. Gastrointestinal dysfunction
a. Diarrhea
b. Vomiting
4. Nutritional
a. Osmotic deficit
b. Osmotic plethora
5. Dysfunctions of the skin
a. Hypohidrosis and anhidrosis
b. Dermatitis and burns
c. Inappropriate clothing
Hyperhydration (plethora of water) and hy-
pohydration (deficit of water) may both be pri-
mary or secondary. Diseases of the kidneys,
heart, or gastrointestinal tract can lead to re-
tention, but hyperhydration is rare in healthy
persons. It is exceedingly rare in the primary
form, overdrinking. Secondary hyperhydra-
tion, even leading to water intoxication, can
occur when the osmotic balance is strongly posi-
tive and the supply of water is unlimited.
Primary hypohydration is a present danger
for all living systems. It results from simple
deprivation or from an increased loss from the
skin in sweating, or from the skin and lungs in
a hot dry environment. Inappropriate thirst
responses may lead to voluntary hypohydration
(ref. 8). Excluding diseases of the kidney,
heart, gastrointestinal tract, or skin, secondary
hypohydration may occur in hyperthermia,
osmotic plethora, or osmotic deficit. These
later two as major factors in the water economy
have been stressed in other publications (ref.
10).
In attempting to set up quantitative criteria
for the water requirement, we must recognize
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its formal similarity to calories and no other
nutrient. The amount of both that is needed
varies within very wide limits depending on
conditions. Both are strongly affected by phys-
ical activity, the thermal environment, and
clothing (in the broadest sense). Additionally,
the water balance is strongly affected by at least
three other independent variables: (a) the in-
take of nutrients including water, minerals, pro-
tein, carbohydrate, and fat; (b) the ambient
water-vapor pressure; and (c) the air motion.

Some of the relationships between the water
balance and other independent variables can be
described quantitatively (ref. 11). The con-
ceptual framework we shall adopt has been
used by others; for example, Gamble (ref. 12)
and Adolph (ref. 13). It is the recognition of
a basal maintenance requirement plus identifi-
able increments for activity or other factors

(ref. 1).

Minimal Basal Requirement

In order to arrive at the basal maintenance
requirement the items of equation (2), already
stripped down to a steady-state, nonworking
level, must be further reduced to an absolute
minimum, still retaining the balance at zero.
The necessary data are presented in table VI.
It is unlikely that water of oxidation, pre-
formed water, and insensible water can be re-
duced at all. The reduction of intake has to be
secondary to the reduction of output. Gamble
(ref. 12, p. 49) calculated 300 ml of urine as a
minimum; Sargent and Johnson (ref. 7) esti-
mated 280 ml as the demonstrable minimum
with normal kidney function. Iet us take 300
ml for urine, and cut fecal H,O to 0 (bowel
movements often cease on low-calorie diets).
Water output then becomes about 300+1100=
1400 ml, and adjusted input becomes 270+
845+250+35=1400 ml. Beverage plus food
will be 1115, regardless of the distribution be-
tween the two. This theoretical minimum is
in close agreement with the experimentally es-
tablished minimum of 1 liter per day of Sargent
and Johnson (ref. 7). This is the absolute
minimum, and hazardous.

Although no success has ever attended the use
of generalized antisudorific drugs or of local
styptics or astringents for abolishing the dermal
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TaBLE VI.—Water Components and Daily Water
Turnover of a 60 kg Man®

(a) Water components

Percent
Component, of body | Vol, liter
wt.

Extracellular:

Plasma.____________ 5 3

Interstitial . __ ... __ 16 99
Intracellular___.________ 50 30
Total - . 70 42

(b) Typical daily water turnover

Source Wt., g

Input:

Beverage_ __ . ______________ 268

Food moisture._ .- __._______ 2018

Water of oxidation. ___.______._ 254

Preformed . .. _________.____ 333
Total input..__ - _____________. 2573
Output:

Urine water_..- - __________ 1482

Fecal water______._.________. 105

Insensible water_____________ 1102

Sweat ... __________ 0
Total output. . _________________ 2689
Water balance (Input-Output).___ —116

From data of references 1 and 14.

loss of water vapor or sweat, still it might be
possible, if the heat balance can be maintained,
to cut down on the minimal insensible water
loss by raising the aqueous vapor tension of the
ambient air. For both the lungs and the skin,
evaporated water is a mathematical function
of the difference between the water vapor ten-
sion at lung or skin temperature, saturated, and
the tension of the ambient air at its own tem-
perature and humidity. The fundamental re-
lations are:

Aqueous vapor tension of any solution
=f (Temp. and osmotic press) (9).

Pulrpona.ry H,0 loss
=(Vexp X Absolute humidity,;)
—(Vipew X Absolute humidity.e) (10).

where V is volume of air for given time.

Dermal H;O loss=f,(Pg,0 at skin temp.
and osmotic press of plasma

—Pg,oin ambient air) X f; (Surface area) (11)

From equations (9), (10), and (11), the ideal
astronaut would be a cool, slow breathing,
hyperosmotic dwarf. Paradoxically, to reach
the absolute minimum requires a hot, humid
atmosphere. This in itself reduces the capacity
of the body for heat regulation, which requires,
under these conditions, the evaporation of water
equivalent to 25 percent of the caloric expendi-
ture (refs. 4, 14, and 15). In the end, a com-
promise has to be struck among the needs of
the kidney for water to excrete solutes; the
needs of the skin and lungs to evaporate water
to maintain heat balance; and the needs of the
planner to keep all water loss to a minimum.
I guess that the item “Insensible water” of table
VI(b) cannot be lowered safely beyond 500
ml/day.

In summary, the absolute minimum require-
ment for water under any circumstances will be
300+0+500=800 ml. Of this, 250 will be
metabolic and 550 will be fluid in beverage or
food. This is a precarious, dangerous level.
It cannot suffice if any stress at all is placed on
the water economy.

Increments for Activity and Other Factors

By contrast with the pitifully small savings
in the water economy that can be made by jug-
gling with the osmotic balance and the aqueous
vapor pressure of the ambient air, the losses that
may be produced by changing the rate of dermal
loss, pulmonary loss, and renal loss are spec-
tacular. Sweating may go on at the rate of a
liter an hour all day long (ref. 16). Increasing
the pulmonary ventilation from resting at about
10 liters per minute to moderate work at 30
liters per minute can increase the pulmonary
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loss by a factor of 3. An extra osmotic load
equivalent to 10 g NaCl per day can increase
the urinary water loss by 300 ml per day. All
of these increments are susceptible of at least
a semiquantitative analysis.

 Activity Increment.—Under moderate con-
ditions about 25 percent of the heat load is
dissipated by the insensible water loss. Sweat
has virtually the same heat of evaporation as
water, 0.58 kcal per gram. A daily increase
from resting at 2000 keal to moderate activity
at 3000 kcal will require an increment of about
400 ml of water (i.e., 1000X 1/ X 1/0.58) for heat
dissipation.

Osmotic Increment—The obligatory water
requirement for excreting the osmotic load
brought to the kidney is about 200 ml per day
for each increment of 100 milliosmols per day
(ref. 12). There is an optimum; for intakes
below about 700 milliosmols per day, there is a
loss of body water attributable to hyposmo-
temia (ref. 3). For such a situation, increasing
the water intake does no good ; there is a loss of
water by way of the kidney, which must have a
normal osmotic load from which to elaborate
urine.

Thermal Environment.—Although in formal
algebraic respects the thermal heat load of the
environment is equivalent to the caloric effect
of activity, yet there is a physiological dif-
ference, and the combined impact of tempera-
ture.and humidity must be accounted for. The
internal production of heat, especially in work,
ismainly a mathematical function of body mass.
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The dissipation of heat from the body and the
effects of heat and humidity are mainly a
mathematical function of the body’s surface
area. For our purposes the most useful for-
mulation of the water requirement as related to
the thermal environment is the predicted 4-hour
sweat rate index of McArdle et al. (ref. 17).
As our standard man, we shall take a man with
body weight of 70 kg and a surface area of 1.7
square meters. Table VII is the formulation
to establish the predicted daily water require-
ment for any condition the astronaut is likely
tomeet. All of the parameters required for the
computations of table VII are readily measured
or calculated. To the best of our knowledge it
represents the most comprehensive attempt to
quantitate the water requirement in terms of its
several components.

Practical Considerations

The last Mercury flight emphasized once
again the quickness of the deleterious effects of
a water deficit (ref. 18). In a matter of an
Earth day, Astronaut Cooper lost some 3 kg of
weight, appeared clinically to be hypohydrated,
complained of thirst, and suffered from ortho-
static hypotension. Astronaut Schirra also had
these symptoms. No other syndrome from nu-
tritional causes except actual food poisoning can
appear so quickly as that of hypohydration.

To find practical ways of satisfying the water
requirement, attention must be given to both
the input and the output, with major emphasis
on the input. All other losses are minor when

TaBLE VIL.—Basal Minimum Water Requirement and Increments for Activity, Osmotic Balance, and
Thermal Environment

= Renal+ Dermal 4~ Pulmonary =800 m}
= 4+ (Predicted excretion, mOsm/day —400) X 2
_ (Estimated keal above basal)

0.58X4

Sweat increment for temperature, humidity, air motion,
work, and clothingd_________________________. ____.
Pulmonary increment for hyperventilation ®

= 6X (Predicted 4-hr sweat rate)

= (Estimated pulmonary minute volume—10) X (Abso-
lute humidity of expired air — Absolute humidity of
inspired air)

» See references 4, 12, and 13.
b See reference 3.

¢ See references 15 and 19.

4 See references 17 and 20.

¢ See reference 5.
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compared with renal, dermal, and pulmonary
output. The turnover of total body water may
range from 2 percent per day to more than 20
percent per day. Renal loss can possibly safely
be reduced to 500 m] per day. Losses through
the lung and skin may be minimized by reduc-
ing physical work, maintaining a cool environ-
ment with the highest practical humidity, and
keeping sweating low.

Main reliance will have to be placed on a satis-
factory intake. Most Americans take most of
their fluid as a beverage, not as pure water; and
they like their beverages hot or cold, not tepid.
As a minimum, 2 liters of fluid should be pro-
vided daily for drinking purposes, but with
provision for increments if demanded by os-
motic, activity, or thermal stresses. However,
inappropriate thirst responses or individual
idiosyncrasy may precipitate a water deficit,
and must be guarded against (refs. 8 and 9).

The astronauts should be instructed about
nutrition in general, and about water in partic-
ular as the most critical nutritional need after
oxygen. They should, as they certainly will, be
thoroughly trained physically and mentally for
the stresses that might disturb their water bal-
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Discussion: Human Nutritional
Requirements for Water

in Long Space Flights

It was certainly appropriate in the preceding
paper for Dr. Johnson to emphasize the termi-
nology to be used in the discussion of water
requirements. His comments show that it is
difficult, if not impossible, to state exact require-
ments without precise information concerning
the various conditions which have a pronounced
influence on water losses by the body.

A number of groups, including the military,
have been interested in the influence of environ-
mental temperature on water requirements.
Figure 1 shows the relation of fluid intake in
g/man/day to mean daily outdoor ambient
temperature. This graph is taken from a paper
by Welch, Buskirk, and Iampietro (ref. 1) of
the Army Medical Nutrition Laboratory and
the Quartermaster R & D Command. The curve
suggests that there is only a slight increase in
fluid intake with increased ambient tempera-
tures until about 60° F is reached. The exact
point of the marked increase in water require-
ment may be expected to vary slightly, accord-
ing to the observation of Benzinger of the Naval
Medical Research Institute, who has worked
extensively in the area of temperature regula-
tion (ref.2).

The amount of water required to meet the
demands of sweating in hot climates is quite
amazing. Observations in southern Iraq showed
that healthy men might regularly be sweating
10 liters per day. Ladell (ref. 3) has indicated
that a man in such a tropical area might deteri-
orate more in 12 hours without water than an-
other in 4 days of deprivation in a more tem-

RoBerT VAN REEN

Head, Nutritional Biochemistry Division
Naval Medical Research Institute

8000 MODERATE WORK DATA

1 A:FT. CHURCHILL BIVOUAC, 1955
> B.:FT. CHURCHILL PRE - BIVOUAC, 1956
8 7000+ €.:NATICK 1955

D.:YUMA, 1955
[ X
w HEAVY WORK DATA 0|
2 ©0004 E:FT. CHURCHILL BIVOUAC 1, 1956
< F.:FT. CHURCHILL BIVOUAC I, 1956
i G:FT. CHURCHILL BIVOUAC IIL,1956
W 5000
P
O 4000
z
w
¥ 3000
hd
z
o A
5 20001 Bx
0 x ¢
w x
E,F6
1000
-20 ] 20 ¢
o] T Ay T A— —— "t -
~40 -20 0 20 40 60 80 100 F

AMBIENT TEMPERATURE IN F AND C

Ficure 1.—Relation of fluid intake to mean daily
outdoor ambient temperature. The circles rep-
resent data taken from Adolph et al.

perate environment. It has been suggested by
some that a 5-percent loss of body weight due
to water loss is tolerable, but with a 10-percent
loss gross physical and mental deterioration
begins to set. in. These figures, of course, are not
to be taken as exact limits of safety and may be
seriously questioned by many.

It might be worth mentioning that the pat-
tern of drinking available water may influence
the urine loss. Kenny (ref. 4) has described
experiments made to determine the most eco-
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nomical way of administering a water ration to
a group of men exercising in an environment
representative of the climatic conditions found
in a deep mine in Nigeria. The results indicated
that when water is taken in volumes greater
than about 100 ml at one dose a significant
diuresis results, leading to a greater loss of body
water during the experimental exposure. It
appears, therefore, that if a man is to use a
water ration to the greatest advantage he must
drink small volumes frequently rather than
larger volumes at longer intervals. In the
studies reported, drinking small volumes during
90 minutes at 100° F led to savings of 300 to
400 ml.

The results of the Navy’s shelter habitability
trials are of interest in regard to the fluid bal-
ance. Two trials with 100 men each were
undertaken, with the men confined to the shelter
area of 25 X 48 feet for a period of 2 weeks and
fed a low-protein, low-spice diet. The reasons
for the selection of a low-protein ration are dis-
cussed in Dr. Hegsted’s paper. In the winter

trial the dry-bulb temperature was generally
between 70° F and 80° F except for the
warm-up period on entering the shelter. Ef-
fective temperatures were generally in the com-
fort zone of 70°. In the summer trial mean
dry-bulb temperatures of 87° to 90° F were:
observed, with effective temperatures generally
above 80° Table I shows the water balances of
the two trials (from refs. 5 and 6). It can be
seen that the average man required almost 1 liter
more water per day during the summer trial
than during the winter. This group of men
was relatively inactive, and the increased water
requirement was due to sweating. If there had
been any higher level of work activity, the water
intake would no doubt have increased consider-
ably more. These results are not unexpected,
however; they are presented merely to demon-
strate the relative level of water intake which
may be required under specific conditions of
temperature and humidity with a low level of
work.

TaBLE 1.—Comparative Water Balance in 24 Subjects of the Shelter Habitability Study, NUMC,
Bethesda, Md.

[Mean daily weight loss of 189 g/day in winter and 180 g/day in summer]

Winter Summer
(Feb. 17 to Mar. 3) | (Aug. 1 to Aug. 15)
Gains
Mean daily water intake ®____ . ... 1263 2209
Water content of food *_ __ _ ___ o ____ 170 170
Oxidative water, food »_ _ . ________ __________ . ____ 235 235
Oxidative water, tissue ®_ _ _ __ _ __ _ .. ___ . __.___ 157 149
Tissue water © _ e 33 32
Total gains_ _ __ __ e ___ 1858 2795
Losses
Mean daily urine volume *_ _ . _ _____ . _________ o ._.___ 790 697
Evaporative water, waking *__________________________________ 960 1433
Evaporative water, sleeping___________________________________ 240 478
Feeal water . _ . 100 100
Total Yosses_ - .- .. 2090 2708
(Gains/Losses) X 100.______ oo _.. 89% 103%

* By direct measurement or from known composition and quantity of food.
> Winter, 142 g fat and 12 g protein; summer, 135 g fat and 11 g protein.

© Winter, 47 g lean tissue; summer, 45 g lean tissue.
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It might be worthwhile to give some consid-
seration to the possible influence of zero gravity
on those factors which in turn influence the
water requirement of an individual.

In the first U.S. manned orbital space flight,
‘the astronaut excreted some 800 ml of urine in
the period from 3:30 a.m. to 2:10 p.m. (approxi-
mately 11 hours). In the second orbital space
flight (ref. 7), 2360 m] of urine was excreted in
the period from 1:15 a.m. to 3:40 p.m. (approx-
imately 1414 hours). In this flight the water
balance was complicated by high suit-inlet tem-
peratures that caused excessive sweating, and
the increased fluid taken in to compensate for
this. The astronaut lost 6 pounds of weight.
This fact plus the slight hemoconcentration and
the low specific gravity of the in-flight urine
specimen lead to the opinion that a moderate
diuresis occurred. The NASA report indicates
that 1213 ml of fluid was ingested by the astro-
naut during flight and before recovery. No in-
dication was given of the pattern of drinking,
but if it was confined to a few large quantities
this may be the reason for part of the diuresis.

The diuresis observed in the second manned
orbital space flight may be partially due to the
condition of weightlessness, since high urine
volumes have routinely been observed in the
hypodynamic states produced by recumbency
and water immersion (ref. 8). These states
have been considered analogs of weightlessness
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FIGURE 2.—Twenty-four-hour urine volume and
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mersion, demonstrating the polyuria which was
most marked during the first 3 days.

in regard to certain physiological sy.gmms. The
effects of the hydrostatic pressure of body fluids
due to gravity are minimal in recumbency and
are counteracted by the supporting fluid in im-
mersion. Figure 2 shows data taken from a
paper by Graveline and McCally (ref. 9) from
the Aerospace Medical Research Laboratory,
Wright-Patterson AFB, Ohio. The diuresis
began soon after immersion, and after 6 to 12
hours it was accompanied by a demanding poly-
dipsia. Diuresis has also been reported by
many investigators in prolonged recumbency;
however, the condition is transient, whereas the
diuresis of immersion is rather persistent. It
is interesting to note in figure 2 that the excre-
tion of nitrogen is also elevated, and indeed this
may be partially responsible for the water loss.
A decrease in osmotically active muscle tissue
due to decreased muscular activity may occur
during immersion, resulting in the loss of ni-
trogenous components in the urine. Other
mechanisms such as the reflex inhibition of the
antidiuretic hormone have been suggested to
explain the diuresis of recumbency and immer-
sion.

Dr. Johnson pointed out the influence of
muscular activity on water requirements. Con-
finement and inactivity will undoubtedly be
characteristics of space flight. A report by
Welch, Morgan, and Ulvedal (ref. 10) on the
caloric intake of two subjects confined for long
periods (up to 80 days) in a space-cabin simu-
lator indicated near-basal intakes. Crowden
(ref. 11) has reported a marked reduction in
oxygen requirement for exercise in water com-
pared to air. Others support this position.
Recently, however, Goff et al. (ref. 12) meas-
ured the oxygen uptake of four subjects at rest
and during mild isometric exercise in air and
in water in the temperature range of 29.5° to
36.5° C over 20-minute periods. The average
oxygen consumptions at rest and during work
indicated that for comparable isometric work
loads there was no significant difference in meta-
bolic rate between dry and submerged subjects.
The limited data available on this particular
subject suggest that additional information
should be sought.

I would like to support Dr. Pollack’s position
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that some v;ay should be found to monitor the
astronaut’s water balance. Thirst alone can-
not be counted on to indicate balance and many
studies have indicated a dehydration during
heat stress although drinking water was
available.

In the absence of any sophisticated device for
regulating water balance, the old idea of drink-
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DR. ScriMsHAW : There is one point which may not
have been sufficiently emphasized—that it isn’t enough
just to make the water available, but to be sure that
the astronaut has instructions to consume a certain
minimum quantity. It can’t be assumed that he will
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Dr. HESSBERG : We have written into the Gemini pro-
grams specific periods when the astronaut will be in-
structed to drink. We can't force water into the astro-
naut, but it is written into his mission plan.

DR. SARETT: Would it be possible to monitor dehy-

ing enough to produce 700 to 800 ml of urine
might be considered. However, this idea, which-
is fine on Karth, loses its value in view of the
diuresis which might occur in space. Perhaps
it would be possible for the astronaut to monitor
his urine volume and to be instructed to drink
at least this quantity of water plus an increment
for estimated losses via other routes.
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dration by some means of watching the capillary flow
in the ear, to monitor hemoglobin level, or something
of that sort, which will give an indication of whether
there is any dehydration, rather than just using
weight ?

Dr. JoHNSON: My general feeling is that this sug-
gestion might be useful. I don’t think there can be
any intravenous monitoring of the hemoglobin, but
there could possibly be some type of telemetering from
the ear. This is a tremendously important thing to
do in real time.




Water Generation
in Space

In considering the problems of existing in
space, we are considering extraordinary things,
and extraordinary dimensions are necessary.
The most severe conditions will arise while the
astronaut is in the capsule, and the physicist and
engineer can help by making the period of trav-
el reasonably short. The time in travel to the
Moon will be short, and even for trips to neigh-
boring planets, which are the most interesting
planets in many ways, the time can still be kept
quite short.

But the situation is different upon arrival, for
instance, on the Moon. After all, we are not
going to the Moon to establish a record or to
make a stop. We are going there for knowl-
edge, and to gather knowledge will take time.
It will be extremely important to find ways to
maintain scientists participating in this mag-
nificent adventure for a considerable period—
such as a year or more. They must be main-
tained in very good health, and even in good
spirits. Obviously, this will not be an easy
task.

Technically, it is very important that we be-
gin to give thought to the question of how we
can use the materials we are likely to find on the
Moon—materials which we hope will contain
some water, certainly will contain oxygen, iron,
carbon (in the carbonate form), and nitrogen—
practically all the elements that we need for
maintaining life.

In using lunar materials, or planning to use
them, we do have the advantage that in nuclear
energy we have a very cheap and a very light
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energy package. The question is always how
we can use this energy package to convert the
materials on the Moon into a usable form.

‘We are not sure that there will be water on the
Moon. The astronomical bodies probably have
been assembled from interplanetary material in
similar ways, and there is no strong reason to
suppose that the composition of the Moon is
very different from the composition of the
Earth’s crust. In most of our terrestrial rock,
we have at least a low percentage of water.
In fact, the oceans were born out of this crust,
in volcanos. Meteor craters have been identi-
fied on the Moon so, probably, water was there,
but the gravitational field of the Moon may not
have been sufficient to keep it.

We must first determine whether there is any
water, and early samplings should answer that.
We certainly should find it, but then the ques-
tion is can we afford, on the Moon, to squeeze
water out of rocks—possibly out of rocks that
are a few hundred feet below the surface—
when the water content is likely to be only a few
tenths of a percent? There is one complete ex-
periment which gives hope that this indeed can
be done. Two and a half years ago we made a
nuclear explosion a thousand feet under the
surface of the Earth in New Mexico. It was
called the Gnome Event. It was a small ex-
plosion, and out of the explosion, through the
hole which we put there, came water vapor—
hundreds of tons of it. The soil contains some-
thing like 1 percent of moisture, and we just
squeezed that out and vaporized it.
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Something quite similar might happen on the
Moon in what might be called Project Moses.
Can we make our nuclear explosions clean
enough so that the water we get will be usable ?
Even that is not a foregone conclusion, because
in our clean devices we always have some radio-
activity that is particularly difficult to separate
from water. But, if we have water, the prob-
lem of cleaning it up will have to be considered
separately ; at least for many purposes, cleaning
up a fraction of the water ought to be entirely
possible.

Project Moses will not be a cinch, and I think
that at least the technical discussion and con-
sideration of its many problems should proceed
now. Obviously, its execution will have to wait
until we get to the Moon. Also it should not
be done imediately upon landing because we
first want to do enough exploration to know how
the Moon looks before any radioactive materials
have been introduced. Once we know that—
and we should know it rather soon after land-
ing—the limited radioactivity caused by Proj-
ect Moses really should not matter.

In the execution of Project Moses, for safety
and to contain water initially, we will have to
drill down 500 to 1000 feet. Now, drilling tech-
niques are well developed, and it will not be
too difficult to construct light drilling rigs, but
all these drilling rigs need one thing: cooling.
When we drill the hole, we will not yet have
water to use for cooling. The problem is one of
how to drill a hole with the minimum develop-
ment of heat and the minimum use of cooling
mechanisms. Probably drilling should be done
at maximum temperatures, because, if we drill
at high temperatures, a small amount of coolant
will radiate effectively and thus get rid of the
heat effectively.

However, executing even that relatively small
task will be difficult on the Moon. In surround-
ings where eating, drinking, and walking are
problems, any engineering will be indeed a
problem.

Next, if we do get this water, what do we do
withit? Wecan make sure that the water comes
out at a definite spot. The operation probably
should be done at night when the temperature
is low. A big plastic bag might be able to con-

tain this water for a moment; it will cool very
soon and can then be poured and used—even,
we hope, to grow algae.

There are many lunar materials that are ex-
tremely valuable for the purpose of sustaining
life and activities on the Moon. This empha-,
sizes the need for more and different energy
sources on the Moon. For a steady energy
source, I recommend a nuclear reactor—prob-
ably a very powerful one, much more powerful
than those which are usually considered for
space vehicles. A powerful nuclear reactor is
not much heavier than a weak nuclear reactor.
What is heavy in a nuclear reactor is its shield-
ing, and there is no reason to believe that mate-
rial on the Moon is any poorer shielding material
than that we find on Earth. We will have to
carry along the reactor core and the equipment
that goes in and around the reactor. All of
these can be light, effective, and durable; for
these purposes no amount of money should be
spared. We have the freedom of using any
material, but we have the requirement to use
as little weight of it as we possibly can. For the
shielding, we can depend on lunar material.
We probably can put up a reactor that will be
equivalent in power to the most powerful re-
actors on Earth. We probably will be able to
make electricity, which will give us a consider-
able amount of freedom for various operations.
At the same time, we can and we should use
this reactor for the purpose of making processed
heat.

An adequate supply of oxygen will be a criti-
cal factor in survival on the Moon. If on the
Moon we find any ferric oxide, of which we have
plenty on Earth, simple and not very high heat-
ing of it will release oxygen. If we do not find
any ferric oxide, probably other rock materials
will have to be heated to a higher temperature
before oxygen is released. Even the water that
we hope to find might be electrolyzed to produce
oxygen.

The second most important ingredient for
lunar survival is carbon dioxide. If we find
any limestone on the Moon, we will find carbon
dioxide. However, most of our terrestrial lime-
stone is the product of biological activity, so it
is not certain that we will find calcium carbon-
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ate. But other carbonates may be common, and
to drive carbon dioxide from carbonates just by
" processed heat is not too difficult an
undertaking.

Our various Moon probes will bring back in-
formation about the composition of the Moon
in a relatively short time. The plan is to ir-
radiate the Moon as we approach it and to
produce characteristic activities of the lunar
surface. Then the decay of these activities will
be observed by the lunar probe, and from this
we should be able to determine the lunar compo-
sition. Hydrogen probably will not be found
this way, and, in the end, we shall have to bring
back a bit of the Moon for analysis in Earth
laboratories. Only then shall we be able to
make detailed plans on how to utilize lunar
material.

But there are few things that even today we
know will have to be prepared and will take

COMMENTS

Dr. ScriMsHAW : Dr. Teller, what is your definition
of “long-term”? Some people are considering 30 days
as long term. You indicate a year or more.

Dr. TELLER: Looking into the future, going to the
Moon will require a day, and, on a fast jet, it should
take only hours. When we try to go to Mars—and
that surely is to come—if we try to do it by ion pro-
pulsion, it may take years; but I don’t think we will
do it by ion propulsion, and I think that better means
will be available. Furthermore, to stay out too long
without protection from solar flares might be risky. I
would think that to stay for as long as 30 days in the
capsule would be quite a feat. Although longer terms
could and should be contemplated, I do not believe that
this is the immediate goal; once the destination is
reached it will take a long time to take full advantage
of the adventure.

Dr. SCRIMBHAW : Dr. Teller, please comment a little
more on this matter of the availability of power, raw
materials, or water for chemical food synthesis, as well
ag biological synthesis, in a fixed base on the Moon.

Dr. TELLER: Nuclear energy provides a very ample
supply of energy, and it is entirely permissible—par-
ticularly in a fixed base—to use this energy wastefully.
In faet, practically the only problem is how to get rid
of the energy, or to cool it, once it is created ; therefore,
when designing the intricate, important, and, hope-
fully, light units for food synthesis, I think it would
be well if it is assumed that as much energy as desired
can be obtained. Don’t economize on energy. Econo-
mize on weight.

long preparation. To construct a nuclear re-
actor—such a one has never been constructed
before—will take 2 years here on Earth. To
plan a nuclear reactor of the lightest materials
which can easily be put together, to develop the
technique of putting shielding around it, using
the material on the Moon to develop techniques
of working with an appropriate nuclear explo-
sion—are engineering problems on which work
could very usefully start right now. What we
need at present for our nuclear reactor project
is not yet billions of dollars—a small part of the
many-billion-dollar amount will suffice to do
the thinking and to make the preliminary plans
now. When we combine this with the informa-
tion we shall soon get back from the Moon, it
is very likely that we shall find some way to make
life,; exploration, and scientific work easier and
more possible—if not in space, then, at least on
our satellites.

DR. RoBINSON : Dr. Teller, what information is avail-
able regarding subsurface temperature on the Moon?
Do you think that this relationship will be about the
same as that on Earth?

DR. TELLER : I believe that once we penetrate beyond
a few feet the temperature on the Moon may not be
very different from the temperature on the Earth.
The average radiation that the Moon receives from
the Sun is the same—perhaps a little more, because
there is no reflecting atmosphere. On the other hand,
the reradiation—the albedo of the Moon—may be a
little bit different than the albedo of the Earth. The
temperature even a few feet down will depend only on
the heat balance of what is received from the Sun and
what is radiated ; therefore, in trying to look into con-
ditions of drilling down, at least in that one phase, I
do not think that we are going to encounter exotic
conditions.

Dr. Luckey: Using a pond for producing food may
be fine, but chemical synthesis—carbon, oxygen, carbon
dioxide, and so forth—takes time, as well as expensive
equipment and man hours. It seems to me it would be
much easier to bring food to the Moon with another
rocket.

Dr. TELLER: Such supplying will be extremely ex-
pensive. What I have in mind is a pond with algae
in it; I think that it would be a very interesting and a
very impressive biological project to look into the
question of whether, at least in the polar regions of
the Moon, where the temperature is perhaps a little
more uniform, something like a pool—if necessary,
even a heated pool, because we have plenty of energy—
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could produce this food. I am sure that vitamins and
some other materials will have to be shipped to the
Moon, but every ounce—certainly every pound—that
can be saved in shipment will pay for itself.

Dr. HESSBERG : Would a laser, which could use a light
KIWI or some type of reactor to drive it, not be a
cleaner method of producing both heat and power on
the Moon rather than trying to take a complete reactor
capability ?

Dr. TELLER: A laser is a wonderful and expensive
instrument, for several specific purposes. To make
lasers that would produce water, I think, is, in an
engineering sense, out of the question; but a modifica-
tion of this suggestion could be possible. If there is
real difficulty with the radioactivity produced—and I
don’t know that there will be such difficulty—then a
reactor could be placed in a hole appropriately deep
and it could just heat itself and its surroundings. It
might then be possible to transfer this heat, with appro-
priate heat transfer fluid, to the surrounding rock and
escape from the difficulty of any radioactivity. This
problem merits very careful thought.

Dr. HARPER: Would you be willing to speculate on
how long it might take, and how many men would be
required, to put this lightweight ractor into operation
and to begin to produce something that might be
considered edible?

Dr. TELLER: I don’t know how long it will take.
Here we have to consider prefabricated reactors. I
am sure that the number of people required won’t be
less than two, but how many I don’t know. One de-
sign criterion could be that the reactor should be of
the kind that can be put into operation by 12 men in
a month. It will take quite a bit of thought to decide
if this requirement or anything like it can be met.

Dr. HarpEr: There will be, then, a considerable
period of time before something edible is produced,
and, in the meantime, some intermediate process will be
needed to support those who are going to put this
operation into effect.

Dr. TELLER : It is quite clear that at first food, oxygen,
everything needed, will have to be taken to the Moon ;
however, I think that the real exploration of the Moon,
finding out what is there, taking maximum advantage

of it, will take many years and will take many dozens
of people, and whether 'this type of work can go on
will depend on whether longer range plans will work. -
Furthermore, learning to exist on the Moon—using its
materials—will be very helpful to astronauts when they
reach Mars, which is, because of its atmosphere and
presumably because of its slight water content, much
more livable.

DR. ALLEN : There is some reason to believe that the
water content beneath the surface of Mars and perhaps
the Moon is fairly high. Could the water content be
higher closer to the surface of the Moon than you
indicated?

Dr. TELLER : It could. I tried to be a little conserva-
tive. There is also reason for conservatism. The best
theory of the growth of the Moon is that the Moon
used to be relatively close to the Earth and that the
Earth had several moons, and that tidal friction, which
even now is going on, slowed down the Earth’s rota-
tion and allowed the Moon to drift away. In so doing,
the Moon swept up all the other moons. The forma-
tion of the Moon was probably connected with the
coalition of quite a few of these bodies, and the lunar
craters show the mark of some of these catastrophes.
In every one of these a lot of heat was produced, and
a great deal of water was lost. I hope some was re-
tained but I doubt that great amounts were retained.

DR. RoBiNsoN : Do you think that the early probes
will have to be manned?

DR. TELLER : The probes that gather material from the
Moon need not be.

Dr. BrRowN : If we are contemplating growing micro-
organisms on the Moon, and the requirements for con-
finement in a small space are removed, might it be wise
to consider the possibilities of the limits at which
growth can occur, rather than optimum conditions?

Dr. TeLrLer : I think it is most important to look at
these limits.

Dr. KasHA: Chemically it has already been demon-
strated that it is possible to synthesize quite a large
number of food components simultaneously under very
simple conditions; these methods are still relatively
new and their full potential has not been fully realized.
However, I think this supports the kind of thing you
had in mind.
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W hen one hears the word “nutrition” there
too often is an automatic response “deficiency”
or “requirement”. Seldom does the hearer re-
spond with “appetite”, “acceptance”, “attitude”,
“comfort”, “emotion”, or even, in this era of
cellular biology, with the concept of “physiol-
0qy”, much less “gut physiology”. Yet these are
the determinants which often make the differ-
ence between nutritional health and disease un-
der ordinary conditions of life, and they un-
questionably will determine the practicality,
indeed the validity, of most of the new concepts
and measures bemng discussed in an effort to
prepare a design for feeding man in space.

The planning Committee recognized the ur-
gent need for directing attention to these areas,
the need for greater knowledge of the areas, and
a broader appreciation of their general impor-
tance. Opportunities for expanding our under-
standing by becoming acquainted with newer
methodology and concepts were also recognized.
It is hoped that this discussion will serve widely
to stimulate attention, interest, and active re-
search, the results of which can be applied in
meeting the pressing needs of the space pro-
gram, and also in furthering the science of
nutrition under ordinary conditions of terres-
trial life.

WirLiam Darsy
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| A series of 16 experiments has been completed. Data obtained on 40 test subjects show

‘ that the caloric requirement for an inactive man in a confined space is 32.7 kcal/kg body
weight/day. No effect of the gaseous environment is evident. (

The dietary regimes used in these studies were dehydrated, liquid, and frozen foods. \V4
Acceptability was highest with the frozen foods. The use of each of these various dietary
regimes in space has certain advantages and disadvantages. Close cooperation between

mission-oriented personnel and those concerned with nutrition and metabolism should
provide an optimum solution to the 14- to 60-day mission.

The problem of establishing an adequate
dietary regime for use in prolonged space mis-
sions 1s unique in the annals of nutritional re-
search. Minimum weight and volume, maxi-
mum palatability, total acceptability, and zero
gravity compatibility are dietary characteris-
tics that require the highest level of ingenuity
in the design of diets to fulfill the demands of
prolonged space missions.

The definition of man’s energy requirements
in space constitutes the focal point for several
key aspects of life support systems: oxygen re-
quirements, carbon dioxide removal production,
heat production, and water requirements.
Thus, an accurate definition of energy require-
ments not only has a direct influence in terms
of weight and volume of material to satisfy
those requirements, but also has a secondary
influence in gaging such items as oxygen sup-
plies, carbon dioxide removal systems, heat ex-
changers, and so forth.

One of the unique problems of defining the
energy requirements or a dietary regime for
man in the zero gravity or space station environ-

/w’f/r‘fé/r

ment is the lack of adequate knowledge regard-
ing the effects of the environment on man’s
requirements. It would appear doubtful that
the basal metabolic rate (BMR) would be
changed in the weightless environment. The
possibility does exist, however, that the degree
of relaxation and comfort in zero gravity will
be such that “true” basal metabolic rates may
be determined and might be lower than the
standard used on Earth. In considering the
active man, Clamann (ref. 1) has suggested that
zero gravity would not reduce the energy cost
of movement since muscles are still accelerated
and decelerated during the course of movement.
Lawton (ref. 2), on the other hand, assumed
that a working metabolic rate of three times the
BMR at 1 g would be only twice the BMR un-
der weightless conditions.

Since longterm weightlessness can be
achieved only in actual space flight, it is neces-
sary to consider other means of examining the
problem. One approach is that of using
ground-based simulators. With this technique,
it is possible to obtain similar degrees of confine-
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ment, inactivitys 8nd gaseous and thermal en-
vironments. From these data, one can better
extrapolate to the weightless environment for
a prediction of requirements in actual space
conditions. During an experimental program
designed to investigate man’s responses to po-
tential spacecraft atmospheres, data were ob-
tained relative to the dietary regime of man in
prolonged space missions. The purpose of this
paper is to discuss these data in terms of caloric
requirements, caloric intake and requirements
in different environments, and acceptability of
the dietary regimes used in these studies.

MATERIALS AND METHODS

Data obtained from 16 experiments are in-
cluded in this paper. Twelve experiments con-
ducted in the two-man space cabin simulator
provided data on 24 test subjects. There were
four subjects in each of the four remaining ex-
periments which were conducted in an altitude
chamber modified to permit positive control of
desired environmental conditions. Details of
stmosphere control, the facilities used, and ex-
perimental protocols are described in references
3 to 8.

Approximately 2.3 square meters (25 square
feet) of floor space were available to the test
subjects for movement, sitting, working, con-
ducting tests, and so forth in those experiments
conducted in the two-man space-cabin simulator.
This simulator was an elliptically shaped cylin-

der with a total volume of 10.75 cubic meters
(380 cubic feet). Floor-to-ceiling height was
1.8 meters (6 feet). In those experiments con-
ducted in the modified altitude chamber, ap-
proximately 9.3 to 11.6 square meters (100 to
125 square feet) of floor space were available.
This device was a rectangular structure with a
total bound volume of 58 cubic meters (1875
cubic feet) and a floor-to-ceiling height of 2.4
meters (8 feet). Floor-to-ceiling height in both
cases was sufficient to permit the test subjects
to stand erect.

A summary of the environmental conditions,
test duration, number of tests, and type of diet
used is shown in table I. The environment in
the experiments listed under group I in table I
provided an alveolar oxygen partial pressure.
equivalent to that found at sea level. The ex-
periments listed under groups II and ITI were
designed to study the atmosphere contemplated
for the Geminji and Apollo space vehicles and to
provide an alveolar oxygen partial pressure of
approximately 170 mm Hg, or 70 mm Hg above
that normally found at sea level. Experiments
in groups IV and V were conducted in an oxy-
gen/nitrogen atmosphere at reduced pressure
with an alveolar oxygen partial pressure of ap-
proximately 90 to 95 mm Hg. Group VI was
a control experiment for group IIT in that
the alveolar oxygen partial pressures were
identical, even though nitrogen partial pressure
was approximately 450 mm Hg in group VI and
less than 1 mm Hg in group ITI. The experi-

TaBLE 1.—Summary of Experimental Profiles

. Total Oxygen, Duration, No. of No. of
Experimental group pressure, percent, days subjects experiments Diet »
mm Hg
) G 192 96 17 8 4 D
8 S 258 97 14 6 3 D
Imr. . 258 99 30 4 1 F
IV L. 380 41 14 2 1 D
Y el 380 41 30 2 1 D
VI .. 700 33 30 4 1 F
VII. .. 750 21 17 4 1 D
VIII® .. 700/200 23/88 8/8 8-2 2-1 L-D

* D = precooked dehydrated food; F = frozen foods; L = Liquid diet.
b Special studies to examine effect of increased carbon dioxide concentration.
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ments in group VII were conducted at ambient
pressures (San Antonio). The experiments in
group VIII were special studies to determine
the effect of increased levels of carbon dioxide
on man at different barometric pressures. A
total of 8 days was spent at total pressures of
700 mm Hg and 200 mm Hg, respectively.
Carbon dioxide was elevated to an inspired par-
tial pressure of 21 mm Hg in the last 4 days at
each altitude. Temperature was adjusted to
the thermal comfort of the test subjects in all
experiments. Relative humidity ranged from
30 to 60 percent.

Three different dietary regimes were used:
(1) precooked dehydrated foods obtained from
the Food and Container Division, U.S. Army
Natick Laboratories; (2) a formula diet pre-
pared according to Scrimshaw (obtained in a
private communication) and (3) frozen foods
obtained from local commercial outlets. Table
I indicates the experiments in which each of
the dietary regimes was used. The liquid diet
was used in two of the experiments in group
VIII, with dehydrated foods being used in the
others. Table IT shows a random sampling of
the types of food items used in the dehydrated
and frozen food regimes. The dehydrated food
diet contained such items as bread, cake, jelly,
and so forth that were not dehydrated. The
frozen food diet contained additional items such
as dry cereal, milk, bread, and so forth that
were not frozen. The liquid diet was bland

TaBLE I1.—Representative Samples of Foods

Precooked dehydrated

Cubed steak Peas
Swiss steak Green beans
Fish patties Peaches
Chicken and rice Fruit cocktail
Roast pork Grapefruit-orange juice
Mashed potatoes Chocolate pudding
Buttered rice Cocoa
Carrots Milk
Frozen
Juices Miscellaneous
“T'V” dinners: dry cereals
Beef “Pot pies”:
Chicken Tuna
Shrimp Chicken
Turkey Beef
Pork Turkey

with no additional flavoring and consisted pri-
marily of toasted soy protein, homogenized oats,
vitamin A, and powdered skim milk. This was
supplemented with orange-grapefruit juice
containing dextrin. In addition, a restricted
amount of hard candy was provided each sub-
ject.

Caloric information was obtained from the
Food and Container Division personnel in the
case of the precooked dehydrated foods, by
bomb calorimetry (ref. 9) in the case of the
formula diet, and from the manufacturer or
published values in the case of the frozen foods.

Test subjects for all experiments were.selected
from Air Force personnel who volunteered to
participate in this program. A description of
the test subjects used in each group of experi-
mentsis given in table ITI.

RESULTS

A summary of the caloric intake data is shown
intableIV. Data on the dehydrated foods were
obtained over an average of 15.3 days. Data on
the formula diet and the frozen foods were ob-
tained over an average of 16 and 30.5 days, re-
spectively. The mean caloric intake of 2292
keal/day shown in table IV represents a
weighted mean, based on the number of subjects
in each dietary regime. Average daily ad libi-
tum caloric intakes ranged from a low of 2047
keal/man/day for the precooked dehydrated
foods to a high of 2716 kcal/man/day for the
frozen foods. The liquid diet intake averaged
2330 kecal/man/day, but was not consumed on
an ad libitum basis. The lowest caloric intake
recorded for an individual in this series averaged
1406 kcal/day, which occurred during an ex-
periment at 380 mm Hg total pressure. Pre-
cooked dehydrated foods were the source of
energy. The highest individual caloric intake
was an average of 3494 kcal/day, observed dur-
ing an experiment at a total pressure of 258 mm
Hg. Frozen foods were the source of energy in
that study.

Caloric intake was also expressed in terms of
keal/kg initial body weight/day. This permits
one to consider variations in caloric intake as
a result of variations in total body weight. The
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TaBLE II1.—Physical Characteristics of Test Subjects

Height Weight Body
Experimental group Age, yr surface
area, m?
in. cm 1b kg
) 30.9 68. 7 174.6 162.8 74.0 1. 87
m_ 27.0 69.3 175.9 152.5 69.3 1.82
Im_ 18.0 68.7 174.6 147.2 66.9 1.78
) 2 33.5 66. 5 168. 9 142.6 64.8 1.73
Ve e 33.0 67.1 170.5 154.7 70.3 1.80
VI .. 21.0 72.4 183.8 167.0 75.9 1.90
VI .. 23.8 70.9 180. 2 156. 2 71.0 1. 87
VI .. 24.8 70.0 177.9 162.4 73.8 1.87

weighted mean of all studies was 31.5 keal/kg
initial body weight/day.

Body weight was not stable during most of
these tests. An average daily loss of 45.0 grams
and 41.5 grams was observed during the studies
where dehydrated foods and the liquid diet,
respectively, were used. On the other hand,
an average daily gain of 56.3 grams was seen
in those individuals consuming the frozen foods.
This provides a weighted mean of 24.0 grams
weight loss per man per day.

The effect of this weight loss on the actual
caloric requirement is difficult to assess since
the composition of this weight loss has not been
defined. A limited amount of data on individ-
ual test subjects indicates that the weight loss
is not wholly attributable to a loss of body
water. Available nitrogen balance data indi-
cate that at least a portion of the weight loss
consisted of protoplasmic mass. Assuming,

therefore, that the weight loss was not solely
water and did, in fact, represent a source of
calories, a factor of 4 kcal/g (ref. 10) of weight
change (either loss or gain) was used to adjust
the measured caloric intake to the caloric re-
quirement. This adjusted value or caloric re-
quirement is expressed as keal/day, or kecal/kg
initial body weight/day and averaged 2334
kcal/day, or 32.7 kcal/kg initial body weight/
day on a weighted basis. The lowest individual
caloric requirement was 1782 kcal/day (24.7
kcal/kg initial body weight/day). The high-
est individual caloric requirement was 3101
kcal/day (43.5 kcal/kg initial body weight/
day). Five test subjects that showed neither
a weight gain nor loss averaged 30.1 kcal/kg
initial body weight/day.

No predictive relationship has been noted be-
tween the different experimental environments
and either caloric intake or requirement (table

TaBLE IV.—Summary of Caloric Intake and Requirement

Average | Average daily caloric | Average daily caloric
Number Initial daily intake requirements *
Dietary regime of body wt., | body wt.
subjects kg change
g keal keal/kg wt keal kecal/kg wt

Dehydrated foods._.._ ... 24 70.96 —45.0 2047 29.1 2227 31.5
Liquid diet.. - __________ 8 73.0 —41.5 2330 31.9 2496 34.1
Frozen food._ ... ._._____ 8 71.39 56.3 2716 38.2 2491 35.0
Weighted mean_________| ______ 71.45 —24.0 2292 31.5 2334 32.7

* Caloric requirement obtained by correcting caloric intake data for observed weight change.

kcal/g of weight change was used (ref. 10).

A factor of 4
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TaBLE V.—E flect of Environment on Caloric Intake and Requirement

No. of Altitude, Daily caloric | Daily calorie

Experimental group subjects mm Hg Dietary regime intake, requirement,
keal/kg keal/kg

VII_ o o-__ 4 Ground level Dehydrated__.________ 33. 6 33.0
VI as 4 700 Frozen.__ . ____._____ 35. 4 32.5
IVand V___________ 5 380 Dehydrated-- - _______ 25.5 30. 8
) 6 258 Dehydrated..________ 30.5 32. 3
I 4 258 Frozen_______________ 40.9 37.5
) 8 190 Dehydrated--.________ 28. 2 31.5
A2 § 4 S, 8 700/200 Liquid. - __________ 31.9 34.2

V). This is not unexpected since similar ac-
tivity levels were used in all experiments and the
temperature was maintained within comfort-
able, nonsweating limits.

Acceptability of the various dietary regimes
was generally good. The liquid diet was the
least acceptable, followed by the precooked de-
hydrated foods and the frozen foods. No at-
tempt was made to rate the acceptability of the
liquid diet. The major problems associated
with that diet included the lack of taste (or
variety), the lack of something solid to chew,
and the presence of (to some individuals) an
objectionable odor. It should be pointed out,
however, that the ligiud diet was accepted by the
test subjects.

The acceptability of the precooked dehy-
drated foods was evaluated on both an excellent,
fair, poor scale (table VI) and a 9-point numer-
ical scale (table VII) ranging from dislike ex-
tremely (value of 1 point) to like extremely
(value of 9 points). Where possible, known
dislikes of test subjects were avoided. Ratings
of acceptability of the dehydrated foods at 700
and 190 mm Hg show that 65 percent of the
items were rated as excellent, 32 percent as fair,
and 3 percent as poor. Meats and beverages
were rated lowest in terms of percent excellent.
Numerical ratings at 258 mm Hg are similar,
except that vegetables and meats were rated
the lowest. Equating the overall ratings from
both rating techniques shows similar results and
indicates that the dehydrated foods were very
acceptable to the test subjects. This agrees
with data previously reported in reference 11
where it was noted that the dehydrated foods

762-318 0—65——13

were well accepted, though slightly less than
comparable fresh foods.

TaBLE VI1.—Acceptability of Dehydrated Foods
During Experiments at 700 and 190 mm Hg

RATING
Total
Item Ex- Fair, Poor, | items
cellent,| per- per- rated
per- cent cent
cent
Meats_ - ______ 58 41 0.8 128
Vegetables_____ 62 30 8 77
Fruits_.______ 62 34 4 171
Beverages_____ 59 40 0.7 134
Desserts. .. _ __ 79 21 | ... 247
Other_________ 72 27 1 240
Average__ __.__ 65_ 32 3 | oo

TasLe VIL.—Acceptability of Dehydrated Foods
During Experiments at 258 mm Hg (9-point
numerical scale)

Rating | Average| Total

ITtem range rating items
rated
Meats. ... ___ 7.0-8.8 7.8 83
Vegetables_._.____ 5 1-8.7 6.8 114
Fruits_._________ 7.0-9.0 8 4 43
Beverages________ 7.3-8. 8 8.0 41
Desserts_ .- _____ 7.8-8.8 8.2 85
Other_ . _________ 7.8-8.1 8.0 158

Average_ . _.___.. 7.9
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One of the major reasons for low ratings was
the production of excessive amounts of abdomi-
nal or intestinal gases during the altitude ex-
periments. This was a common comment in
regard to meat items and particularly those
meat items that were highly seasoned. The
high caloric milk drink was also included in
this category. This problem was not unique to
any phase of the experiment, but tended to
persist throughout the test. Air-swallowing
would not be the cause of this excessive gas
since it should not be any greater at altitude
than at ground level. Production of gas by
microbial action seems to be the major cause
since microbial metabolism will continue to pro-
duce a given volume of gas per unit of micro-
bial metabolism. It should be remembered
prior to selecting a dietary regime for space
missions that a given volume of gas in the in-
testine will tend to more than double at a baro-
metric pressure of 380 mm Hg and will be ap-
proximately 3.6 times larger at a total pressure
of 258 mm Hg or 5 psia.

Rehydration difficulties were the next most
cited reason for low acceptability, followed by
an occasional item that did not taste the same
as the label implied. It should be noted that
these subjects were not trained tasters and that
the tasting was being conducted in atmospheres
vastly different from the one on Earth. None-
theless, this is the type atmosphere to be en-
countered in space and the dietary regime must
be adapted to it, not vice versa.

No ratings as such were obtained from those
subjects consuming the frozen foods. The
foods were uniformly well liked and, as wit-
nessed by the caloric intake figures, heartily
consumed. Only one problem with one indi-
vidual was encountered, which again related to
gas expansion and abdominal pain. In this in-
stance, however, unlike the experience with the
dehydrated foods, the difficulty was temporary
and did not recur.

DISCUSSION

The caloric requirement data determined for
man in & 1-g space cabin simulator would ap-
pear to be a reasonable approximation of the
caloric needs of man in space. Specialized

mission requirements such as strenuous and re-
peated extravehicular excursions or repeated .
and prolonged exercise to prevent cardiovas-
cular deconditioning might exert a small in-
fluence on the data reported here. Pending the
availability of data obtained in the weightless
environment, the requirement of 2334 kcal/day,
or more appropriately, 32.7 kcal/kg body
weight, appears valid and should constitute a
good guideline. Body weight, body surface
area, or body weight raised to some exponential
should be used in establishing caloric require-
ments for a given mission.

Based on the caloric data reported in this
paper, oxygen requirements have been esti-
mated. A factor of 4.825 kcal/liter of oxygen
was used to make this calculation. Assuming
that the weight change noted in these studies
had a caloric value of 4 kecal/g, the oxygen re-
quirement would be 484 liters/man/day, or
691g (1.521b). If the weightchangehad nocal-
oric value, that is, if it were water, the oxygen
requirement would be 475 liters/man/day, or
678 g (1.5 Ib). At the other extreme, if the
weight change were fat at a caloric equivalent
of 9 kecal/g, the oxygen requirement would be
509 liters/man/day, or 726 g (1.6 1b). Ex-
pressed on a body weight basis, the oxygen re-
quirement is approximately 10 g/kg body
weight/day.

The different types of dietary regimes used
in these experiments have their advantages and
disadvantages relative to their use in actual
space flight. The frozen foods, while very ac-
ceptable and more or less “normal,” require
freezer space, power for the freezer, power for
an oven, and are reasonably heavy. This latter
category is of importance, however, only if
water is not being recovered onboard the space
vehicle. In addition, these foods are vulner-
able in the event of a freezer failure.

The dehydrated foods require special packag-
ing for zero gravity rehydration, tend to pro-
duce a considerable amount of gas, and are
somewhat less palatable. It would appear that
these disadvantages can be readily overcome.
The weight advantage of the dehydrated foods
requires the availability of onboard-produced
or purified water to be realized.
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The liquid diet, while less acceptable than
*the other two, could be packaged in a dehy-
drated form. In this form it has the rehydra-
tion disadvantage and the weight advantage of
dehydrated foods. It would appear, however,
that the liquid diet would be quicker and easier
to prepare and conceivably could be more palat-
able under very severe food preparation re-
strictions than the dehydrated foods. In addi-
tion, the liquid diet offers consistency of intake,
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Discussion: Dietary Regimes

LEroY Voris

in Space Cabin Executive Secretary

Simulator Studies

A dietary regime refers to a mode of manage-
ment of diet, and a mode may be a method or a
prevailing popular custom. The dietary re-
gimes applied in the tests reported by Dr. Welch
were some of both, mostly the latter.

While the food energy intake may have been
reasonably well estimated, there is no indication
of the output—urinary, fecal, or heat. Also
there is some question as to whether the volun-
tary intake of certain foods is a completely valid
indication of energy requirement for a specified
performance. No information is given as to
the proportionality pattern of protein-carbo-
hydrate-fat in the diet—or the R.Q.—from
which the relative derived energy could be de-
termined day by day or from one condition to
another. However, the value which Dr. Welch
presents, 32.7 calories/kilogram is about the
same as that commonly accepted for mainte-
nance, that is, 93W?/* or 32 cals/kg for a 70-kg
man. (See ref. 1; the maintenance requirement
(about 114 X basal) is given as 93 X 24.6=2280=
32 cal/kg for “sedentary idle living.”)

Dr. Welch does not mention individual varia-
tions. For missions of manned space flights of
more than 20-day durations, it is most. likely that
dietary regimes are going to have to be tailored
closely to the metabolic pattern of the individual

Food and Nutrition Board, NAS

astronauts and the individual variability of
metabolic patterns for given dietary regimes will
need to be established with reasonable degrees
of precision if desired performance is to be
realized. The most likely practical way to do
this is by way of formula diet regimes. For
example, formula diets could be devised for test-
ing individual responses to oxygen and water
demand by changing the preportions of fat and
carbohydrate as illustrated in table I.

The values given are arbitrary but may be
somewhere near the right order of magnitude.
The extra water is added to make 1 gram of
water per calorie so that the total water repre-
sents the total caloric value of each diet. The
extra water is one key variable which could be
changed readily.

This illustrates, I think, one approach to eval-
uation of dietary regimes for space cabin simu-
lator study. The metabolizability of each of the
dietary constituents will have to be determined
by precise chemical and calorimetric methods;
numbers taken from food composition tables or
conventional factors are likely to be misleading
for given diets or given individuals. Of course,
all the nutrients will have to be balanced as well
as protein, fat, carbohydrate, and water.
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TaBLE L—Illustrative Dietary Regimes for Testing Oxygen and Water Requirements
Total weight: Diet A+ 0+ H,0=3250 g]
Total weight: Diet B4 0.+ H,0=23337 g
Oxygen required Metabolic water
Amount
Dietary Components consumed, g
g/ Total g glg Total g
Dietary regime A
Protein_ - __ . _____ . _______ 50 1.5 75 0.4 20
Fat o __ 80 3.3 265 1.0 80
CHO.. ... 300 1.2 360 6 180
Extrawater_ . .| oo cmemece | mmmmmeen | el 1840
Total .- ______ 430 | -._____ 700 | o __._ 2120
Dietary regime B
Protein_ _ ... ______. 50 1.5 75 0.4 20
PFat .. ... 40 3.3 132 1.0 40
CHO. .- 400 1.2 480 6 240
Extrawater. ... _________________| ________ | oo | oo | .. 1860
Total _____ .. 490 | __._.___ 687 | ... 2160
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COMMENTS

QUESsTION : Dr. Welch, could you give a little more
background on the data you presented?

Dr. WELCH : With regard to intake, in the case of
dehydrated foods we utilized data obtained from the
Quartermaster Food Container Institute in which each
one of the items was broken down as to total weight,
grams of protein, grams of fat, and grams of carbo-
hydrate. I fully realize that this is an estimate. We
did utilize caloric data on a weight basis. 1 didn’t
present grams of fat, grams of carbohydrate, and grams
of protein even though we had it.

With regard to the liguid diet, we used the bomb
calorimeter; I fully realize that the number of calories
that we get with the bomb may not represent the
metabolic energy but it was quite close.

The R.Q. is really of little value because it indicates
only what is going on in the lung at that particular
time. Exercise, for example, will eause a change in
the R.Q. Part of this chunge is undoubtedly metabolic;
however, part of its is pulmonary as a result of hyper-
ventilation.

As to individual variation, data were taken on each
man but just not shown in the figure. This study was
not a nutritional study, per se.

I believe the data are good. If taken to liters, values
of 488 on the high side and 484 on the low side are
obtained and we reported 475 to 590. When dealing
with calories, these seem quite good.

Dr. ENGEL: Dr. Welch, in these experiments, which
in some cases went to 30 days, was there a trend
toward attempting to maintain a caloric balance in
these individuals or were they motivated to eat this
amount?

Dr. WELCcH : I don’t recall whether we had a trend
in terms of weight. We did motivate them to consume,
in the case of the liquid diet, a certain amount of the
liquid diet per unit pound.

The other experiments were run on an ad libitum
basis with the only deviation in this being that once a
man had opened the package and dehydrated the food,
he was urged to consume the entire amount.
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Life began in the Archaic Sea and the electro-
lytes present in this sea set the conditions under
which living systems can exist. These electro-
lytes include the cations sodium, potassium,
magnesium, and calcium, and the anions chlo-
rides, bicarbonates, and sulfates. When living
systems left the Archaic Sea their external en-
vironment changed, but the conditions of life as
set by the composition of the Archaic Sea did
not change. To survive, living systems had to
maintain, among others, the levels of the elec-
trolytes in their external environment within
narrow limits. The cells—the living elements
in animals—have, in effect, remained aquatic.
The animals’ external environment became their
internal environment, which is also known as
the extracellular fluid. Basically, when we are
feeding animals we are feeding these cells, and
we must supply the essential nutrients to the
cells in a form they can use without appreciably
changing the levels of the electrolytes in
their internal environment.

In nutrition, essential nutrients are trans-
ferred from the external environment to the
cells. Asan essential prerequisite there must be
a desire for food. This is referred to as appe-
tite or hunger.

Nutrition consists of :

(1) Food-secking behavior. There are no
restaurants in nature. Food-seeking involves
locomotion, searching, exploration, pursuit,
fleeing, and fighting.

(2) Recognition of food. Food must be dif-
ferentiated from other objects of the external
environment.
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(3) Selection of a balanced diet. It is easily
possible to select an improper diet from the
available food supply in the external environ-
ment.

(4) Recognition of toxins in food and their
elimination.

() Eating. The nutrients, as they exist in
food, are largely unavailable to cells. Barriers
have been set up to prevent undue changes in
the composition of the intracellular fluids and
to avoid the ingestion of toxins. These barriers
are:

(1) The mouth. Only suitable foods are al-
lowed entry into the gastrointestinal tract.

(2) The pyloric sphincter. Food is permit-
ted into the intestinal tract at a rate which al-
lows adequate digestion.

(3) The intestine. Certain nutrients such as
iron and calcium are absorbed only in such
amounts as are needed; the rest are excreted
in the feces.

Much material from the body enters the in-
testine. It has been estimated that the dietary
nitrogen has been diluted fivefold or more by
endogenous nitrogen. Feces arise largely from
endogenous sources rather than dietary. Con-
sideration of the amount of feces as a factor in
space feeding should include the possible role
of the endogenous contribution to the contents
of the intestine.

(4) The cell membrane. Only nutrients
needed by the cells are permitted entry through
the cell membrane; surpluses (except energy)
are excreted, largely through the kidney.
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A=

To méke this possible, elaborate biological
equipment has been developed through the evo-
lutionary mechanisms inherent in living sys-
tems. These parts are integrated by the brain
through some 10 billion neurons, and through
humoral factors that circulate in the blood. The
brain acts as a control tower which receives in-
formation over the nerve tracts from the exter-
nal environment. Eight cranial nerves partici-
pate in this process. This information is ap-
preciated and integrated in the brain with in-
formation from the body, with responses di-
rected toward the survival of the animal. It is
possible to feed the wrong information to the
brain and to deceive it, with resulting dire con-
sequences. The importance of the brain is at-
tested to by its protection by the skull-—the
toughest material known to biology.

Asaresult of the advances made in nutrition,
it is now possible—or it soon will be possible—
to formulate chemically defined diets so cor-
rectly adjusted to the needs of cells that the
gastrointestinal tract can be short-circuited and
the diet can be fed directly into the vein. The
diet could be delivered with a tiny atom-pow-
ered pump from a plastic tank, which can be re-
plenished at appropriate filling stations. This
would render superfluous and antiquated the
gastrointestinal tract, the exocrine pancreas,
and other tissues that have evolved over hun-
dreds of millions of years. If the delivery of
the essential nutrients to the cells constitutes nu-
trition, then we have solved all our nutritional
problems. But is this correct? Just what is
expected from eating?

T he long-range demands wpon food are:

(1) Prevention of nutritional deficiency

(2) Provision of energy; the adipose tissues
may store large amounts of energy as fat

(3) Maintenance of internal environment

(4) Growth, reproduction, and lactation

The immediate demands upon food are :

(1) Abolition of hunger, which may be a
painful sensation

(2) Production of satiety, including the
pleasure and gratification made possible by eat-
ing

(3) Sensory stimuli of foods which may be
needed to initiate eating or to increase the intake
of food

(4) Sensory stimuli which act on the gastro-
intestinal tract to prepare it for the digestion
of food

(6) Sensory stimuli (handling) which aid
rats in survival when subjected to stress

(6) Sensory stimuli go to the brain over
the main sensory tract, the lemniscus, and
also reach the reticular formation via collater-
als, activate it, and help to maintain wakeful-
ness. The sleeping animal has no desire to eat.
Wakefulness is an essential preliminary for ap-
petite. Sensory stimuli, such as the smell of
coffee, activate the reticular formation, encour-
age wakefulness, and stimulate the desire to
eat. Students studying for final examinations
know that eating helps them to stay awake.
People fall asleep during lectures, movies, or
concerts, but not at the dinner table. After eat-
ing, animals become quiet or fall asleep. Hu-
man beings may or may not act in this way.

THE IMPORTANCE OF SENSORY STIMULI
TO THE ASTRONAUT

The astronaut will be deprived of many sen-
sory stimuli to which he has been accustomed—
gravity, for example. We are beginning to
realize the importance of stimuli to the nervous
system. We read about the “terror of loneli-
ness” in human beings subjected to a stimuli-
free environment. Hence, food will probably
be the major source of sensory stimuli to the
astronaut. These include:

(1) Stimuli arising from thinking about food
in anticipation of the pleasures of eating, pro-
vided that the food is tempting and highly ac-
ceptable. If the astronaut is thinking of a
tempting morsel, it will give him pleasure and
the secretions of his salivary glands will in-
crease. If the food is not acceptable, thinking
about it will not increase the flow of saliva. On
the contrary, it may act to dry up salivary
secretions.

(2) The sensory properties of food consist
largely of: the flavors, odors, textures, colors,
temperatures, and sight and sound of food, such
as the crunching of toast during eating. Tex-
ture is important. So is the movement of the
food in the mouth, especially if there are several
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components, each having a different flavor.
Many different sensory stimuli (flavors) are
‘sensed during the mixing of the food.
(3) Stimuli from the act of eating arise
from:
(a) Receptors that are activated in the
teeth during chewing by touch and pressure
(b) Receptors that are activated in the
muscles of the tongue as it moves around
(¢) The activation of many receptors in
the mouth through which the brain is kept
informed of the shape and size of the food
bolus without sight.

It would be a mistake to underestimate the im-
portance of the act of eating.

Certain stimuli, when applied repeatedly,
soon lose their effectiveness and animals fail to
respond ; this is known as habituation. Noise is
an example of such a stimulus. The importance
of food as a source of sensory stimuli is due to
the multiplicity and variety of its sensory stim-
uli which may be reinforced by the internal
chemistry ; food tastes better with a fasting bio-
chemistry than with a fed one.

Foods serve two purposes:

(1) As a food supplying the essential nutri-
ents

(2) Asa source of sensory stimuli which may
be substituted for other sources of sensory stim-
uli which have been denied the astronaut

Reviewed in this light, the weight of the food
no longer has the compelling importance it had
when it acted only to supply the essential nutri-
ents. When food serves both as a source of food
and as a source of sensory stimuli, some weight
allowance should be made to insure the neces-
sary sensory properties of food. Food may be
more important to the astronaut as a source of
sensory stimuli than as a source of nutrients.

LOGISTICS AND NUTRITION

Logistics require the performance of the mis-
sion, including the return of the astronaut in
good physical and mental health. First and
foremost are the maintenance of the oxygen
supply and, equally important, the elimination
of such noxious material as carbon dioxide.

Next in order of importance is the supply of
water, without which life is possible for only
a few days. Food is of least importance since
life can continue for weeks without it, depend-
ing upon the supply of the fat that had been
stored in the adipose tissue. One overall mecha-
nism seems operant to insure the supply of
oxygen (air hunger), water (thirst), and food
(hunger). This mechanism consists of three
parts:

(1) Need. This is expressed as appetite or
drive

(2) Goal-directed behavior, the object of
which is oxygen, water, or food

(3) Consummatory response leading to sati-
ations and to the abolition of the need

Motivation is an important factor here. To
what extent can motivation replace food in per-
formance of urgent tasks? Both motivation
and performance are greatly influenced by food.
It has been asserted that motivation is worth
1000 calories of food for performance under
survival situations.

ACCEPTABILITY

We learned from soldiers that “food is not
food until eaten.” It takes more than appetite
to insure the ingestion of food. To be eaten,
food must be acceptable, and this has little re-
lation to the nutritional value of the food. Nor
is 1t of particular importance to the astronaut
that his food meets the standards for adequate
nutrition set up by the National Research
Council. Adequate nutritional standards have
not been set up for astronauts, whose require-
ments may indeed be different. This might be
especially true for calcium since weightlessness
may act on calcium metabolism as it does in
immobilization.

Acceptability is an evasive concept which is
not simple: It is determined by the taste of food.
Intrinsically, food tastes neither good nor bad.
The taste of food is largely determined by con-
ditioning and by the internal chemistry.
Powdered milk had low acceptability among
American soldiers; to them it tasted bad. The
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same powdered milk had the highest accepta-
bility with similar soldiers who were starving
in a German prison camp; there powdered milk
had a delicious taste. The difference was not
in the powdered milk, but in the internal bio-
chemistry of the starving men.

SHOULD WE LEARN FROM PAST
MISTAKES?

In World War II, hashes were common in
combat rations because they fitted the filling
machines, but the men wanted something they
could chew, something into which they could
“sink their teeth.” The rations lacked desirable
sensory stimuli and lacked “belly-filling” prop-
erties. The soldiers’ evaluation of these rations
was, “We could undoubtedly survive on these
rations a lot longer than we’d care to live.”

The rations had to be stable, and they were
altogether too stable since the men would not
eat them. The melting point of butter was too
low for hot climates, so the melting point of the
butter was increased by hydrogenation and the
men used it to grease their boots.

When combat rations were tested in field
trials, they were found acceptable, but they
were not acceptable under combat conditions.
Those who were conducting the field trials were
largely measuring motivation, rather than ac-
ceptability. We must know what we are
measuring.

MAN AND BEAST

Data obtained with animals are often applied
to human beings. Before applying such infor-
mation to human beings, it is advisable to deter-
mine experimentally whether the data obtained
with experimental animals hold for human be-
ings. Here are some examples of disparities:

(1) Methionine reduces the excretion of
nitrogen in the urine of fasting rats and dogs;
it does not doso in human beings.

(2) Fasting rats and mice increase their
motor activity which is measured as running.
Presumably these rodents gamble some of their
precious energy reserves when they increase
their motor activity on the chance of finding
food. However, fasting human beings are more
likely to decrease their activity to conserve their
energy reserves because it will prolong their
survival without food.

(3) Human beings work more efficiently on
carbohydrates than they do on fats, but dogs
work equally well on carbohydrates and fats.

(4) Rats use high fat diets more efficiently
than high carbohydrate diets, but human be-
ings do not use high fat diets as well as high
carbohydrate diets. Nor are humans alike in
this respect. When obese humans subsist on
high fat diets consisting of 1000 calories, they
remain in relative nitrogen balance and do not
develop ketosis. Nonobese humans subsisting
on the same diet develop severe ketosis and go
into a marked negative nitrogen balance.

If it were possible to find suitable astronauts
who are obese, their provision of food would be
greatly simplified. An obese person with 20
kilograms of fat, which is not considered exces-
sive, carries reserves of 184000 calories. This
would provide over 2000 calories daily for 90
days. Part, or the major portion, of this
energy could be used as a component of the
astronaut’s diet and it could be balanced with
suitable foods rich in sensory stimuli in much
smaller quantities than needed for the normal
astronaut without fear of ketosis or excessive
loss of body protein. Moreover, a large portion
of the astronaut’s food could be fat, which sup-
plies maximum amounts of calories with the
least weight without producing ketosis or
marked negative nitrogen balance.




Discussion:

The Appetite Factor!’

In the course of the past two decades, con-
siderable progress has been made in our under-
standing of the mechanism of regulation of food
intake, of appetite, and of satiety. At the same
time, realization of the vast reaches of our ig-
norance, and of the fact that many of the often-
repeated “common sense” generalizations in the
area of hunger, satiety, and their abnormalities
are but cliches which mask our ignorance, has
grown correspondingly. After a long period
of quiescence—from the pre-World War I pe-
riod to the post-World War II era—research
is now proceeding actively along several lines
of attack: study of central mechanisms, particu-
larly those based on mid-brain structures; study
of gastrointestinal factors; interconnection of
metabolic factors—particularly the metabolism
of the adipose tissue—with neural and behav-
ioral events; extensive examination of the vari-
ous types of errors, inborn or acquired, which
may lead to obesity or to anorexia and relevance
of these to the normal physiology of regulation
of food intake; study of the influence of en-
vironmental factors—both ecological and psy-
chological—on food intake. In addition to the
new interest in the application of modern oper-
ant conditioning techniques to problems of food
intake, there is a renewal of interest in the
analysis of human sensations of hunger, appe-
tite, and satiety which had lagged since the mid-
dle nineteenth century. On such broad re-

! Much of the material presented herein appears in
the textbook Modern Nutrition in Health and Disease
by M. G. Wohl and R. 8. Goodhart (Lea and Febiger,
eds.).

JEAN MAYER

Department of Nutrition
Harvard School of Public Health

search activity rests the hope that progress will

accelerate in this important and long neglected
field.

DEFINITIONS

The terms appetite, hunger, satiety, regula-
tion of food intake, limitation of food intake,
obesity, overweight, anorexia, have all been
used in a variety of senses and this semantic
confusion has in turn often created apparent
contradictions where basic agreement in fact
prevailed. Words such as hunger, appetite,
and satiety represent sensations, and as such,
tend to take on highly subjective colorations.
Studies in progress in the Department of Nutri-
tion, Harvard School of Public Health, reveal
great differences in the sensations of mild and
extreme hunger in man as well as in the reasons
for stopping eating. Nevertheless, we shall
attempt to give a series of working definitions
of the terms which will be used herein.

Appetite: the complex of sensations, up to a
point pleasant, or at least not unpleasant, by
which the organism is aware of desire for an
anticipation of ingestion of palatable food.
Specific appetites relate to desire for specific
foods or nutrients.

Hunger: the complex of unpleasant sensa-
tions, felt after prolonged deprivation (during
the “hunger state””) which will impel an animal
or a man to seek, work, or fight for immediate
relief by ingestion of food (thus exhibiting
“hunger behavior”). The passage from appe-
tite to hunger is dependent on duration of dep-
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rivation, rate of energy expenditure, and so
forth.

Satiety : the complex of sensations which im-
pel the organism to stop eating because hunger
and appetite have been satisfied even though
food isstill available.

Regulation of food intake: the servomecha-

nism or mechanisms whereby the body adjusts

ingestion of food te requirement for homeostasis
and for growth.

Limitation of food intake: the complex of
sensations and factors which impel the organism
to stop eating even though food is still available
whether energy requirements for maintenance
and growth have or have not been covered.

Obesity : excessive accumulation of body fat.

Owverweight : weight in excess of normal range.

Anorexia: pathological absence of appetite or
of hunger behavior in the presence of manifest
energy needs.

CHARACTERISTICS OF THE REGULATION
OF FOOD INTAKE

Regulation of Caloric Intake

Temporarily ignoring the conscious aspects,
such as sensations of hunger, appetite, and sa-
tiety, let us examine the manner in which
homeostasis is majintained and the expected pat-
tern of growth achieved. The problem can be
reformulated into the fourfold question: (1) Is
there a regulation (or are there regulations) ?
(2) What is regulated? (3) How well is it
regulated? (4) How is it regulated? In short,
what are the mechanisms in terms of structure
and function? This order will be followed in
reviewing the available evidence.

Is there a regulation? In reference 1, Gas-
nier and Mayer first showed that this question
is best answered not by considering the food
intake, but by observing the constancy, within
a given environment, of total body weight, wa-
ter content, reserves other than water, nitrogen
balance, and fat content. Their data on large
numbers of animals carefully followed for long
periods gave conclusive evidence that a regula-
tion does exist.

What is regulated? In reference 1it was fur-
ther shown that three types of regulations could.
be defined :

(a) Biometric regulation. This is not, prop-
erly speaking, a mechanism but is a result of the
very structure of the animal; it sets limits both
upwards and downwards to energy exchange,
the upper limit being the “summit” metabolism,
the lower, the basal metabolism. The limits
change with the physiologic state.

(b) Adaptation of intake to output: short
term (day-by-day) regulation of energy intake.
This is perhaps the most important mechanism.
A number of studies in different animals have
shown the high correlation between output—
modified by cold, exercise, and so forth—and
energy intake, as well as the sensitivity of in-
take of volume of food to changes in the caloric
density of the diet.

(¢) Correction of the errors in the short term
regulation by successive compensations: long
term regulation of reserves. If energy balance
was achieved exactly each day, intake and out-
put would be equal and in a plot of one against
the other, all points would fall on the line bisect-
ing the axes of coordinates. Actually, in such
a plot, the points fall on a band spread on both
sides of this line (ref. 1). The day-by-day reg-
ulation is thus not sufficient to insure constancy
of body weight and reserves. Gasnier and May-
er showed, however, that the distribution of the
points was not random but lent itself to the
following conclusions. On a given day, the
farther away the extra reserves are from the
modal change, the greater the chances that dur-
ing the next 24 hours (1) if the change is in the
same direction, it will be small, or (2) if the
change is in the opposite direction, it will be
large enough to approach or pass the mode.
There is thus a long term mechanism which, in
effect, under constant environmental and phys-
iological conditions tends to maintain the con-
stancy of body weight.

How well do these regulations function?
Four parameters have been defined to describe
how well both the short term and the long term
regulations function: precision, reliability, sen-
sitivity, and rapidity (refs. 1 and 2). TFor the
short term regulation, for example, the pre-
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cision is inversely proportional to the difference
between energy intake and energy output; the
reliability is inversely proportional to the vari-
ability of the intake to output ratio; the sensi-
tivity is inversely proportional to the depend-
ence of the precision on the magnitude of
intake; the rapidity is inversely proportional
to the lag in adjustment of intake to output.
The variation of such parameters as tempera-
ture, exercise, caloric dilution, state of hydra-
tion, changes in the nature of the diet, and so
forth characterizes the extent to which regula-
tory mechanisms are able to respond to such
challenges. For example, in adapted animals,
as the temperature falls, both energy output
and energy intake increase; the reliability of
the short term regulation adjusting intake to
output increases, its precision remaining the
same (refs. 1 and 2). As regards the long term
regulation, body reserves increase, the precision
and reliability of the regulation increase, but
the sensitivity and rapidity decrease with in-
creasing metabolic intensity. The picture of
the effect of enforced exercise on food intake is
equally striking : the precision of the regulation
is good within a wide range of activity. Below
thisrange (in the “sedentary” range) and above
it (in the “exhaustion” range) the precision
deteriorates.

How do the regulations work? The answer
to the question, “What are the mechanisms of
these regulations?” is still tentative. We shall
review briefly the anatomical support of these
regulations and the possible modes of integra-
tion of these mechanisms. It should be unnec-
essary to note again that, when one speaks of
mechanisms of regulation, the interval of time
considered is all important. Short term
studies demonstrate the influence of a multi-
plicity of factors on appetite and emphasize
instability. Experiments of longer duration—
no less than 1 day and preferably longer pe-
riods—emphasize stability. Tt is essentially
with the mechanisms underlying this stability
that we are concerned.

It should be equally unnecessary to point out
at the outset that all investigators whose hy-
potheses are about to be reviewed have repeat-
edly acknowledged the weakness of any general

theory of appetite founded on response to only
one stimulus and none of them have attempted
to enact such systems. The problem has been
to identify the mechanism by which the
metabolic state of the organism competes with
such variable influences as taste, emotions,
habits, and so forth, to permit long time
homeostasis.

Regulation of Caloric Intake and Weight:
Morphological Aspects and Possible Mech-
anisms. Anatomical Basis

Gastrointestinal tract

Haller was the first to suggest (in his Z£/e-
menta Physiologica, in 1777) that hunger was
a gastric sensation. In his chapter on the im-
mediate cause of hunger, he stated that hunger
sensations were due to the excitation of stomach
nerves. For over a century and a half this the-
ory was the one most generally accepted. It
was only in 1911 that it was tested experi-
mentally by Cannon and Washburn (ref. 3)
who showed that hunger sensations appeared
simultaneously with contractions of the stom-
ach. The hunger contractions were further
investigated by Carlson (ref. 4) who found
that during starvation, the tonus of the empty
stomach and the frequency and intensity of
its contractions became progressively more pro-
nounced, at least until the fourth day when the
desire for food decreased. These gastric hun-
ger contractions are relatively powerful; they
occur in series of from 20 to 70 and last usually
between half an hour and an hour and a half;
they alternate with periods of quiescence. The
contractions are seen in newborn babies before
any food has been consumed. Their presence
is general in land vertebrates, whether homeo-
therms or poikilotherms,

Hunger contractions are present even when
there is some food in the stomach. The only
time when the fundus does not exhibit them is
immediately after a large meal. They occur
after isolation from the brain and spinal cord,
though at longer intervals and with less vigor.
They are inhibited by a variety of stimuli; by
the tasting or chewing of a palatable food, or
even of an inert substance like paraffin wax,
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unless the contractions have become tetanic in
nature; by stimulation of the gastric mucosa
by ice cold water, acid, alcohol, smoking; by
tightening of the belt; by vigorous muscular
exercise; by sudden application of cold; by
emotions such as fear or rage; by adrenaline;
by glucagon; or by intravenous glucose given
under conditions such that normal utilization
takes place. Inhibition of gastric contractions
can be brought about also by irrigation of
the duodenum by glucose. That this inhibition
persists when the stomach is denervated or in
autotransplanted denervated gastric pouches
has led to the postulation of secretion of a
chalone by the duodenum or the liver, Inter-
esting modifications of gastric tone take place
in disease: for example, duodenum ulcer and
diabetes cause an increase, pulmonary tubercu-
losis and vitamin B1 deficiency, a decrease.

Carlson (ref. 4) considered that the vagi
were the main, if not the only, afferent path-
ways for the gastric hunger impulses and that
the “primary hunger center” must therefore be
the “sensory nuclei of the vagi” in the medulla
(fasiculus solitarius). The existence of pres-
sure- or tension-sensitive receptors in the stom-
ach wall has been demonstrated.

The possible relation of intestinal phenomena
to hunger has attracted some attention. The
forward movement of food in the small intes-
tine has been studied by a number of authors,
in particular by Quigley (ref. 5). The char-
acter of the peristaltic movement has been
shown to be dependent on the composition of
the chyme. The small intestine, like the stom-
ach, obtains its supply of extrinsic nerve fibers
from two sources: a bulbar autonomic (para-
sympathetic) supply by way of the vagi and a
thoracic autonomic (sympathetic) supply by
way of the splanchnic nerves and the superior
mesenteric ganglia. Stimulation of the vagi
causes contraction or increased tonus in the
musculature of the intestine; stimulation of the
splanchnic nerves generally inhibits its tonus.
Psychological states and stimulation of por-
tions of the cerebral cortex may produce con-
tractions or relaxation of the walls of the small
and large intestines. Adrenaline, like splanch-
nic stimulation, inhibits intestinal movements;

oxygen, organic acids, and bile increase them.
The sensory fibers from the intestine are car-
ried by the vagus and the splanchnic nerves.

Central nervous system

Autopsies of patients with hypothalamic obe-
sity suggested a role for the hypothalamus in
the control of food intake. Experimental work
by investigators on both sides of the Atlantic
eliminated the pituitary from consideration as
the prime suspect in the development of adipos-
ity. The work of Hetherington and Ranson
(ref. 6) and Brobeck and coworkers (ref. 7)
demonstrated that bilateral involvement of the
ventromedial nuclei causes hyperphagia in the
rat. It has since been shown that in that spe-
cies, unilateral destruction of the ventromedial
nucleus may cause very slow development of
obesity. Hypothalamic obesity has been pro-
duced in the mouse by Mayer, French, Zighera,
and Barrnett (ref. 8) ; in that species, bilateral
involvement of the ventromedial area is neces-
sary for even the slightest degree of hyperpha-
gia to appear. Obesity follows superficial le-
sions of the base of the anterior hypothalamus in
the monkey, and lesions caudal to the paraven-
tricular nuclei in the dog. Conversely, Anand
and Brobeck (ref. 9) found that in rats, bilat-
eral destruction of more lateral parts of the
hypothalamus is followed by complete cessa-
tion of eating. Teitlebaum and Stellar (ref. 10)
have confirmed this finding, though they found
that this inhibition may be temporary, with
resumption of eating dependent on the nature
and consistency of the food presented. Morri-
son and Mayer (ref. 11), noting that lesions in
the lateral hypothalamus or subthalamus at the
same rostrocaudal level as the ventromedial
nucleus cause both aphagia and adipsia tried to
see whether these two responses were separate
consequences of the lesions. They found that
the patterns of food or water exchange cannot be
reproduced by deprivation of sham operated
rats of either food or water. Daily water in-
tubation facilitated the “escape” from inhibi-
tion of eating and drinking. Localization of
“aphagic” and “adipsic” lesions did not com-
pletely coincide and their histologic location
suggested that the median forebrain bundle was
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as important as the lateral area proper in the
control of water and food intake (ref.12). Mor-
gane (refs. 13 and 14) in a careful anatomical
analysis of this phenomenon has concluded that
lesions causing aphagia may interfere with at
least two systems of fibers, of which the more
important is lateral to the median forebrain
bundle; only destruction of this system (and of
the median area of the pallidum) causes an ir-
reversible aphagia. Other areas have also been
shown to interfere with the regulation of food
intake; bilateral damage to the venromedial
portion of the thalamus, to the rostral mesence-
phalic nuclei, to the temporal area of the amyg-
dalum or the hippocampus cause hyperphagia.
Destruction of the frontal area of the amygda-
lum or the hippocampus decreases food intake.
Separation of the frontal lobes from their tha-
lamic connections in rats, frontal lobotomy in
man, and selective decortication in various types
of animals also lead to hyperphagia.
Stimulation of various areas of the central
nervous system has also proved rewarding.
Larsson (ref. 15), for example, studied the re-
sults of electrical stimulation of the hypothal-
amus and the medulla and of intrahypothalamic
injections in sheep and goats. He found that
stimulation of the hypothalamus, just caudal to
the optic chiasma backwards throughout the
hypothalamus, lateral to the sagittal level
through the columna fornix descendens and the
mamillo thalamic tract resulted in hyperphagia.
The most pronounced effect was obtained by
stimulation of the region of the lateral hypo-
thalamic nucleus, anterior to the columna fornix
descendens or at the same transverse level as
this tract. Rumination was seen on electrical
stimulation of the same structures as gave hy-
perphagia. Mastication, licking, and swallow-
ing could be elicited as single effects without
the simultaneous occurrence of hyperphagia.
These results were taken by Larsson to suggest
that it is an oversimplification to speak of a
mamillothalamic or an anterelateral hypotha-
lamio “feeding center”. Although electrical
stimulation of both these areas, particularly the
latter, causes hyperphagia, the fact that extra-
masticatory and licking movements as well as
hyperphagia are obtained diffusely in other

areas supports the conclusion that centers di-
rectly feeding behavior and centers having to do
with motivation to eat rest on centers which are
in part different.

Finally, before leaving the anatomical de-
scription of central nervous areas involved in
the regulation of food intake, it might be noted
that some experiments performed by Mayer and
Sudsaneh (ref. 16), described as follows, sug-
gest that the ventromedial area of the hypothal-
amus exercises some measure of control over
gastric contractions.

Use of Behavioral Techniques to Define
the Role of Central Neural Structures In-
volved in the Regulation of Food Intake

The use of the behavorial techniques devel-
oped by B. F. Skinner and his associates has
made it possible to define better the role of cen-
tral neural structures in the regulation of food
intake. It is also opening a trail which may
some day give a more precise metabolic and
neurological basis to the concepts of hunger,
satiety, appetite, and specific appetites. An
early experiment was that of Anliker and Mayer
which compared the feeding behavior of nor-
mal animals with that of animals with various
types of hyperphagia (ref. 17). This clearly
demonstrated that, as previously suggested by
Brobeck (ref. 7) and by Miller, Bailey, and
Stevenson (ref. 18), the ventromedial area ap-
pears to act as a “satiety” brake inhibiting con-
stantly activated lateral “feeding” areas.
(Similar techniques have permitted Rozin and
Mayer (ref. 19) to study the characteristics of
the regulation of food intake in the fish.)

Again on the basis of results obtained by
behavorial techniques, Teitlebaum and Epstein
(refs. 21 and 22) have suggested that qualitative
effects on taste were necessary concomitants of
the destruction of the ventromedial area or of
lateral hypothalamic lesions. Animals with
ventromedial hypothalamic lesions cease to be
hyperphagic if presented with diets the con-
sistency or taste of which they do not like.
Under such conditions, they may eat less than
normal animals. The significance of this in-
teresting observation is difficult, however, to
evaluate at present. Lesions performed with
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the stereotaxic instruments are notoriously com-
plex and it may well be that Teitlebaum was
studying the effect of the destruction of a num-
ber of anatomically contiguous centers; the fact
that animals can maintain their weight when
feeding themselves through a gastric fistula
suggests that taste (if not exaggeratedly aver-
sive) is not an essential component in the reg-
ulation of food intake although it obviously is
one of the factors influencing food intake at a
given time.

Another important behavioral technique
which has contributed to our knowledge of cen-
tral nervous areas involved in the regulation of
food intake is that of Olds, who combined lever-
pressing for food in the rat with autoexcitation
of a number of central areas (ref. 22). The
autoexcitation of certain areas (corresponding
roughtly to parasympathetic nuclei) acts as an
additional reward and leads the animal to a
tremendous increase in the rate of lever-press-
ing. The autoexcitation of other areas (cor-
responding roughtly to the areas in which Hess
had obtained stimulation of the sympathetic
system) acts as a negative reinforcement and
decreases rates of lever-pressing. The combi-
nation of Olds’ autoexcitation technique with
the use of an electric grid permitting the exam-
ination of the circumstances under which the
drive to eat is particularly intense has allowed
Morgane (ref. 23) to explore the role of the
ventromedial area, the pallidum, the median
forebrain bundle, and the lateral areas. His
results seem to indicate that the lateral area
should be subdivided into at least two subareas:
an extreme lateral one, excitation of which leads
to extreme rates of lever-pressing for food, to
considerable hyperphagia, and to the crossing
of the electrified grid to obtain food, even when
the animal is fed ; and the properly lateral area,
excitation of which leads to some hyperphagia,
even in fed animals but not to the crossing of the
grid. These experiments, together with those
on the effect of lateral lesions, do suggest the
presence in the lateral hypothalamus of two
systems of fibers, one having to do with purely
quantitative aspects of the regulation of food
intake (and presumably subject to ventro-
medial “satiety” inhibition) and one having to

do with more qualitative aspects of appetite, the
relation of which to the ventromedial area is
still obscure.

PHYSIOLOGICAL MECHANISMS OF
REGULATION

Gastric contractions as a basis or a component
of hunger and of short term regulation of
food intake

The views of Carlson on the relation between
gastric pangs, hunger, and the regulation of
food intake are summarized in reference 4.
They constitute the oldest attempt to account
experimentally for these phenomena. For
Carlson, the consciousness of gastric sensations
carried by the vagi is the kernel of the problem.
Hunger is defined by him as “a more or less
uncomfortable feeling of tension and pain re-
ferred to the region of the stomach”. While he
considers that an explanation of hunger pangs
is an explanation of hunger, he does recognize
that “many apparently normal persons expe-
rience in hunger, besides the gnawing pressure-
pain sensation in the stomach, a feeling of
weakness, ‘emptiness’, headache and sometimes
nausea’” but calls these states or symptoms “ac-
cessory hunger phenomena” because “they are
not always present in hunger and their relative
preponderance depends on the length of star-
vation and on some individual peculiarity in
the person. It must be admitted, however, that
in some individuals these accessory phenomena
appear to overshadow, if not entirely to sup-
press, the pressure-pain sensations from the
stomach.” In turn, Carlson, struck by the fact
that insulin hypoglycemia leads to gastric con-
tractions and hunger feelings, postulated that
blood glucose levels were involved in the occur-
rence of hunger.

The theory received wide, if temporary, ac-
ceptance. Although the existence of hunger
pangs has been abundantly confirmed, accumu-
lating facts led observers to doubt whether gas-
tric movements provided a sufficient basis
for Carlson’s generalizations. For example,
Adolph (ref. 24) showed, by diluting the ration
of animals with inert material, that differences
in the bulk of the diet—in spite of their effect
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on the stomach—had only a transient influence
on food intake. Complete bilateral vagotomy,
which abolishes the motor response to insulin
hypoglycemia, does not prevent or even impair
the augmentation of food intake produced by
insulin administration. The existence of pa-
tients in whom bilateral vagotomy has been
performed for the treatment of gastric ulcers
enabled Grossman and Stein (ref. 25) to ex-
tend these findings to human subjects; they
found that the sensations of hunger continued
to occur after complete vagotomy. The sensa-
tions included feelings of emptiness and weak-
ness. In those persons in whom epigastric
pangs of distress associated with individual
gastric sensations were a part of the sensation
complex of hunger, vagotomy, by abolishing
the contractions, eliminated that particular
sensory component. Though the removal of
this fraction of the sensory complex was recog-
nized by the subject, it did not delay hunger or
change the response to it. Vagotomy actually
simply shifted the emphasis to the extragastric
components, in particular the feelings of weak-
ness and emptiness associated with the desire
for food. Incidentally, the observation of
Grossman and Stein appeared to disprove not
only the essential nature of gastric contractions
as a basis of hunger and regulation of food in-
take (the two concepts are not separated by
Carlson) but Carlson’s suggested mode of per-
ception of these contractions as well. In two
patients who had undergone sympathectomy
persisting gastric contractions were no longer
associated with a feeling of distress. Gross-
man and Stein concluded that the splanchnic
nerves are the afferent pathways for the dis-
tress associated with gastric hunger contrac-
tions and that no such pathway exists in the
vagus nerves.

With the decrease of the significance of hun-
ger pangs, interest in their causation died down
and stayed dormant for several decades. Scott
and his associates (ref. 26) could find no corre-
lation between blood sugar levels and the onset
and prevalence of hunger contractions. Ex-
perimental work on the testing of the gluco-
static hypothesis has revived interest in both
hunger contractions and their control by show-
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ing the negative correlation between gastric
hunger contractions and glucose utilization, by
demonstrating the striking effect of glucagon
in inhibiting gastric contractions and, finally,
by indicating that gastric hunger contractions
may be in part under the control of the ventro-
medial hypothalamic area.

It is legitimate to conclude from these studies,
and from more recent ones on the nature and
timing of hunger sensations in men, women, and
children, that hunger pangs are an important
component of the sensory complex identified
subjectively as hunger, At the same time, in
spite of the metabolic and neural concomitants
of hunger contractions, available evidence
makes it impossible to base a mechanism of reg-
ulation of food intake exclusively or even prin-
cipally on its perception. It remains true, how-
ever, that any theory purporting to interpret
the regulation of food intake which cannot ac-
count for the occurrence of hunger pangs is
doomed at the outset.

Thermostatic Component in the Regulation or
the Limitation of Food Intake

Brobeck (ref. 27), struck by the fact that the
hypothalamus appears able to deal with a num-
ber of different stimuli which affect feeding
behavior and to make suitable adjustments of
food intake, hypothesized that a number of such
stimuli may operate through their effect on the
heat balance of the body. He accordingly ad-
vanced a thermostatic hypothesis, which postu-
lated that “animals eat to keep warm and stop
eating to prevent hypothermia”. The actual
experimental evidence for his view rested first
of all on the observation that short term ex-
posure to high environmental temperature is
followed by reduction of food intake. Ken-
nedy (ref. 28), however, has indicated that un-
der experimental conditions not dissimilar to
those in which Brobeck’s animals were placed,
dehydration and pyrexial tissue breakdown may
have played a major part in the weight loss fol-
lowing an acute exposure to heat. Acute ex-
posure to cold also caused depression of food
intake at first. Working with hypothalamic
hyperphagic rats, he demonstrated that in the
long run—and as long as his animals stayed
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within the range of adaptation—they showed
similar rates of weight gain at high and at low
temperatures.

Another piece of evidence used in support of a
thermostatic scheme is the fact that a change
from a ‘“high carbohydrate” to a “high fat”
diet usually increases food intake and a change
to a “high protein” diet usually decreases it.
The specific dynamic action of protein is higher
than that of carbohydrates which in turn is
greater than that of fat. This was taken by
Brobeck to indicate that modifications of intake
follow perceptions of differences in specific dy-
namic action. It must be noted, however, that
the specific dynamic action of a dietary mix-
ture cannot be calculated by adding up the
specific dynamic actions of its constituents if
these were fed singly, but is usually lower and
far less sensitive to changes in composition
(within the usual range) than would be the case
if the specific dynamic action were additive for
the various nutrients. It had been repeatedly
shown that in most strains, the effect on total
caloric intake of changing from a high carbo-
hydrate to a high fat diet is transient (though
there are strains of animals which con-
tinue to eat more on a high fat diet, as do certain
types of obese animals). Finally, there is no
doubt that diets very high in protein do reduce
the food intake of normal animals. The prob-
lem of the mechanism of this effect has been re-
cently reexamined (ref. 29). The fact that the
effect is as marked, at a protein level over 60
percent, in animals in which the ventromedial
hypothalamus has been lesioned shows that the
effect is not mediated through the hypotha-
lamic “satiety” centers. Above the 60 percent
level, and as the proportion of protein in the
diet is further increased, food intake decreases
in such a way that the protein intake remains
constant, giving an appearance of a regulation
based on protein intake. Inasmuch, however,
as protein levels appear to have little or no
effect in the 8 to 60 percent range (which en-
compasses the range of protein levels normally
encountered by rats living on natural foods
rather than semisynthetic laboratory diets) it
seems doubtful that this interpretation is the
correct one. It appears more likely that one is

dealing there with a “safety valve” effect, which
could indeed be based on an abnormally high
specific dynamic action (or excessive blood
amino acids, or other mechanisms) which limits
food intake when more than a given amount of
protein would be ingested but which does not
come into play at lower levels. This safety
mechanism would have to be situated elsewhere
than at the ventromedial (satiety) centers.
(Incidentally, it is possible that below a certain
minimum intake of protein some other mecha-
nism also comes into play to decrease hunger.
In man, Dole and his coworkers (ref. 30) have
obtained spontaneous reduction on diets ex-
cessively low in protein.)

Perhaps the most cogent experimental argu-
ment in favor of the existence of a thermostatic
influence on feeding is the observation of Ander-
sson and Larsson (ref. 31) that refrigeration of
the preoptic area causes feeding in a fed goat.
Cessation of feeding is observed in this animal
even when fasted for a prolonged period when
the preoptic area is warmed. The effect of cool-
ing and warming on drinking behavior is the
opposite of that on eating. While the effects
demonstrated by Andersson and Larsson are
clear cut, the fact that the differences of tem-
perature used in the experiment are enormous
(of the order of 10° C in the vicinity of the
thermode, of 1 to 1.5° C at a distance of 6 mm)
casts some doubt as to the applicability of the
results under physiologic conditions. T feel that
a thermostatic factor is an important compo-
nent in the hunger satiety mechanism. They are
inclined to believe that while progressive ex-
posure to cold may have a facilitatory effect on
feeding (over and beyond its effect on energy
requirements) and exposure to heat, particularly
if sudden, may have a clearly inhibitory effect
on feeding, variation in heat balance is prob-
ably not the agency through which metabolic
requirements influence food intake so as to insure
caloric homeostasis. On the other hand, it ap-
pears that an elevation of body temperature
may exert a safety valve effect (similar to that
demonstrated for very high protein diets) which
overrides any other factor which might promote
feeding sc as to prevent any further heat load
on an already overloaded organism.
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Souleirac’s Theory of Regulation of Carbo-
hydrate Appetite by Intestinal Absorp-
tion
Souleirac limited himself to the study of appe-

tite for carbohydrate in rodents. However, his

numerous publications later collected in book
form deserve a somewhat detailed analysis.

His work (ref. 32) has the original merit of

being directed towards the quantitative account

of a qualitative appetite, and thus provides facts
which may eventually be used to integrate taste
and calorie intake. Souleirac was struck by the
observation that phloridzin, which according to

Carlson increases gastric contractions, inhibited

appetite for carbohydrate. Thyroidectomised

and adrenalectomised animals, both of which

present hypoglycemic tendencies, also show di-

minished appetite for carbohydrate. The obser-

vation led to a search for possible correlations
between carbohydrate appetite and physiologi-
cal characteristics. Using a self-selection
method, Souleirac systematically examined the
quantitative and qualitative variations of uptake
of different types of sugar after removal of the
anterior pituitary, thyroid, and adrenal glands,
alloxanisation of the pancreas and administra-
tion of the corresponding hormones, anterior
and posterior pituitary extracts, thyroxine,

“cortine” and deoxycorticosterone and insulin.

He concurrently studied the modifications of

taste threshold for carbohydrates and the effect

of the endocrine disturbances just listed on the
intestinal absorption of carbohydrates. Similar
studies were made after administration of adren-
aline, ergotamine, pilocarbine, acetylcholine and
atropine, after spinal section in the cerebral
region and hypothalamic lesions, or after ad-
ministration of glucose, riboflavin, and phos-
phate. The effects of cold and physical exercise
also were examined. Estimations of blood glu-
cose and of serum amylase were made after
these procedures. Souleirac found that there
was no correlation between either absolute blood
sugar level or the level of serum amylase and
carbohydrate consumption. On the other hand,
he found that all hormones with an effect on
carbohydrate metabolism modified the taste
threshold for glucose, though the interpretation
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of the modifications was difficult. By contrast,
the correlation between the taste for carbo-
hydrates and the intestinal absorption of carbo-
hydrates was clear cut. Any condition which
increased intestinal absorption increased con-
sumption and, conversely, if carbohydrate ab-
sorption was decreased, carbohydrate intake was
decreased. For instance, injections of glucose
depressed absorption of glucose and glucose in-
take; phloridzin and thyroidectomy decreased
glucose absorption and intake; insulin and al-
loxan diabetes increased glucose absorption and
intake. The only exception was provided by
atropine, which slightly decreased the propor-
tional absorption of glucose from the intestine
but considerably increased the total. Souleirac
explains the effect of atropine by the intense
thirst it produces.

Although the facts invoked by Souleirac are
clear enough as far as they go, it seems regret-
table that no data are ever given on the calorie
intake of the experimental animals, but only on
the amount of carbohydrate solution ingested.
The omission is all the more regrettable because
the solid food available, cereals and greens, con-
stituted a high carbohydrate diet. One would
like to know also what the fluid (water) con-
sumption in the different experimental situa-
tions was. Examination of the available infor-
mation raises the question, which is not discussed
by Souleirac, of how the organism detects the
fact that carbohydrate is being absorbed. Sou-
leirac observed that spinal section at the level of
the sixth to seventh cervical vertebrae did not
eliminate the response of the carbohydrate in-
take to endocrine stimulation, but then it would
not Interrupt splanchnic sensory connections.
The increased intake after atropine treatment
could concetvably lead itself to an interpreta-
tion based on the effect of the drug on the vagus.
The fact that vagotomy and sympathectomy,
which would seem to eliminate afferent impulses
from the intestine to the central nervous system
while eliminating hunger pangs, do not elimi-
nate feelings of emptiness, weakness, and desire
for food (ref. 25), makes it unlikely that the
regulation of food intake is based exclusively,
or even primarily, on awareness of intestinal
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absorption. A humoral or hormonal inter-
mediary could, of course, operate independently
of intermediary nervous pathways, but there is
no indication of the existence of such a link
with the higher centers.

Souleirac suggests that the effect of the hypo-
thalamus on the regulation of food intake is
mediated through intestinal absorption; excita-
tion of the hypothalamus would bring about a
diminution of carbohydrate absorption and con-
sumption ; the action of the hypothalamus would
be antagonistic to that of the pituitary and the
balance beween these organs would determine
carbohydrate intake. While, in Souleirac’s ex-
periments, consumption of sugar solution in-
creased after hypothalamic lesions, it is difficult
to appreciate the significance of his finding that
it cannot be compared with the increases also in
food and water consumption which follow the
operation. The incidental finding that uni-
lateral lesions lead to increased carbohydrate
consumption is of interest in the light of the
fact that slow development of obesity follows
the production of unilateral hypothalamic
lesions in the rat.

Thus, the facts presented by Souleirac, al-
though offering an undeniable challenge, do not
appear to support the mechanism he wants to
base on them. His observation that any modi-
fication of carbohydrate metabolism can affect
appetite and even taste is in agreement. with the
postulation of the glucostatic theory. It ap-
pears doubtful, however, whether, strong though
the appetite for carbohydrate (or protein or
salt) may be, hunger and the regulation of food
intake are simply summations of selective hun-
gers and partial regulations. Such selective
appetites do exist and can be extremely compel-
ling; the “salt wars” are bloody illustrations of
their strength. Yet, compelling though such
appetites are, they do not appear to overrule the
general regulation. Men and animals will, it
Is true, eat after satiety has apparently been
obtained if the supplement offered is particu-
larly appetizing or contains a nutrient of which
they have been deprived. Yet no mammal will
increase its food consumption from, say, a low-
protein diet simply to satisfy a need for protein
or a specific amino acid.

Glucostatic Component of the Regulation of
Food Intake

The glucostatic mechanism in the regulation
of food intake, proposed by Mayer and his co-
workers in the early fifties (ref. 2) postulated
that in the ventromedial (satiety) hypothalamic
centers (and possibly in other central and pe-
ripheral areas as well), there existed glucore-
ceptors sensitive to blood glucose in the measure
that they utilize it. This concept was based on
the fact that the central nervous system is de-
pendent for its function on the availability of
glucose; that carbohydrates are preferentially
oxidized, and are not stored to any appreciable
amount, so that their depletion is rapid; and
that in the interval between meals, there is an
incomparably greater proportionate drop of
carbohydrate reserves than of reserves of pro-
teins and fat; only intake of food will replenish
fully these depleted stores. Furthermore, car-
bohydrate metabolism is not only regulated by
a complex edifice of endocrine interrelation-
ships; it is, in turn, a regulator of fat oxidation
and fat synthesis, of protein mobilization and
breakdown, and of protein synthesis; thus, a
mechanism of regulation of food intake based
on glucose utilization could be—as it should—
successfully integrated with energy metabolism
and its components. Such a theory also per-
mitted successful interpretation of the known
effects of cold, exercise, diabetes mellitus, hyper-
thyroidism, hypothyroidism, and other meta-
bolic changes, provided that the additional
postulate was made that carbohydrate metabo-
lism in the ventromedial area differed from that
in the brain in general. In particular, it was
postulated that the ventromedial area was
highly glucoreceptive and that, unlike the rest of
the brain, would show considerably heightened
utilization. Such a theory could also account.
for such facts as the self-perpetuating effect of
hyperphagia, which of itself causes a more rapid
utilization of glucose (ref. 31).

Early experimental work designed to test the
theory has often been misinterpreted and, ap-
parently not infrequently, continues to be mis-
interpreted (ref. 32). Because of the (then)
apparently insuperable difficulty in measuring
glucose utilization in the ventromedial area and
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the postulate that, in general, ventromedial uti-
lization must parallel peripheral utilization, an
attempt was made by Mayer and Van Itallie to
correlate hunger feelings (and later, by Stunk-
ard, gastric contractions) with diminished pe-
ripheral glucose utilization in an easily acces-
sible area, that is, the forearm. Utilization was
measured by capillary-venous (or arterio-
venous) differences (or “A-glucose”); in pa-
tients at rest, variations of blood flow were not
taken into effect. It was found that, in general
there was a satisfactory degree of correlation
between small A-glucose and the appearance of
subjective feelings of hunger and of gastric con-
tractions. (That the correlation is far from
perfect, even when carotid-jugular vein deter-
minations are made, is emphasized in recent
work.) It was also shown, in particular by
Stunkard and Wolff (ref. 33), that whenever
glucose utilization is proceeding satisfactorily,
a slow intravenous glucose infusion in hungry
individuals eliminates both the feeling of hunger
and gastric contractions. In diabetics, and in
hunger diabetes, glucose infusion does not affect
hunger to a similar degree. While others at
times have not observed the correlation between
cessation of hunger and rises in the glucose
utilization (ref. 34), they may have been op-
erating under some of the conditions described
by Van Itallie, Beaudoin, and Mayer (ref. 35)
when peripheral glucose arteriovenous differ-
ences are not reliable indices of overall glucose
utilization by the body, much less by the satiety
mechanisms; such conditions include changes in
circulation dynamics because of increase in blood
flow, rapid rises in blood glucose, certain effects
of insulin, and the presence of overriding domi-
nant conditioning. Again, the peripheral ar-
teriovenous differences, although still associated
in the thinking of many workers with the foun-
dation of the glucostatic theory, have never
really held any direct significance in it and were
used in the early work “merely to obtain more
reliable information about the changes which
take place in carbohydrate supply than is avail-
able from arterial or venous glucose alone”.

It is interesting to note that Van Itallie and
Hashim (ref. 36) have shown the reciprocal
evolution of blood nonesterified fatty acid levels

and arteriovenous glucose differences. While
these authors point out that it is unlikely that
nonesterified fatty acid levels per se act directly
as a signal to the food regulatory centers, their
work provides yet another indirect way to eval-
uate patterns of metabolic utilization and their
possible correlation with the hunger-satiety
balance.

Major developments which have recently ap-
peared have entirely altered the status of our
knowledge in this field by developing means of
assessing, much more directly, hypothalamic
events in the regulation of food intake rather
than having to rely on mere statistical correla-
tions. These include the effect of glucagon on
hunger feelings and gastric contractions and
the role of the ventromedial area in the regula-
tion of gastric contractions, the elucidation of
the mode of action of gold thioglucose, the dem-
onstration of the special characteristics of the
metabolism of the ventromedial hypothalamic
area, and the determination of the electrical ac-
tivity of the ventromedial hypothalamic area
under the influence of variations of blood
metabolites, glucose in particular.

Action of Glucagon: Hypothalamic Glucostatie
Control of Gastric Hunger Contractions

Stunkard, Van Itallie, and Reiss (ref. 37)
made the interesting observation that the injec-
tion of 2 milligrams of glucagon reproducibly
eliminates gastric contractions (and hunger
sensations) in human subjects. Their results
demonstrated that the elimination of gastric
contractions lasts as long as glucose utilization
proceeds actively and ceases when glucose utili-
zation is reduced, even though the absolute level
of blood glucose is still well above the fasting
level.

Stunkard also had the opportunity to observe
a patient who had lost practically all of his
brain cortex in an accident and was incapable
of feeding himself (ref. 38). After 1 week of
fasting, he exhibited almost continuous gastric
contractions, A variety of treatments, includ-
ing the infusion of amino acids and induction
of pyrexia (by rolling the patient in an electric
blanket), did not inhibit gastric contractions.
The only treatment (with the exception of food)
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which proved effective in inhibiting gastric con-
tractions was the administration of glucagon.

Mayer and his coworkers found that in rats,
too, intravenous injections of glucagon inhibit
gastric hunger contractions. The dose found to
be 100 percent effective in a large series of
animals was 75 micrograms. The inhibition
starts between 45 and 60 seconds after the ad-
ministration of glucagon. By the time inhibi-
tion takes place, the glucose in the blood has
already risen considerably from the control
fasting values and inorganic phosphorus has
decreased, indicating active utilization. Blood
glucose continues to increase as inorganic phos-
phorus returns to the fasted level and gastric
hunger contractions appear.

Mayer and Sudsaneh (ref. 16) found that
rats in which the ventromedial hypothalamic
area has been destroyed show no significant dif-
ference in their pattern of fasting contractions
from that seen in normal animals. The inhibi-
tory response to epinephrine and to norepine-
phrine is normal. On the other hand, the in-
travenous administration of 75 micrograms of
glucagon almost invariably fails to produce
complete inhibition of hunger contractions in
animals with lesions of the ventromedial nuclei
whether the animals are allowed to become and
remain obese, or whether they are reduced to
their preoperative weight after demonstrating
this hyperphagia. Response of these animals to
prolonged exposure to cold is delayed, on the
average, by 100 percent. The failure of the
animals to respond to glucagon and the delay in
response to prolonged exposure to cold are
obviously not caused by refractoriness of gastric
contractions as such. The finding may be inter-
preted as indicating that the ventromedial area
does exercise a definite measure of control over
gastric hunger contractions and does so in re-
sponse to an increase in its glucose utilization.
An anatomical basis for such a mechanism may
be provided by the existence of the bundles of
Schutz which seem to originate in the general
area of the ventromedial hypothalamus and go
down to the roots of the vagus.

Mode of Action of Gold Thioglucose

In 1949, Brecher and Waxler (ref. 39) ob-
served a syndrome of hyperphagia and obesity

in mice after a single intraperitoneal or subcuta-
neous injection of gold thioglucose. No mech-
anism was found by these authors to interpret
this intriguing observation. The observation
was confirmed by Marshall, Barrnett, and May-
er (ref. 40) who further showed that gold
thioglucose caused extensive damage to the ven-
tromedial hypothalamic area in varying degree
to the supraoptic nucleus, the ventral part of the
lateral hypothalamic area, the arcuate nucleus,
and the median eminence. Marshall and Mayer
(ref. 41) showed that there was minimal im-
pairment of functions other than the regulation
of food intake, unlike that which is observed
with stereotaxic lesions. Gold thioglucose-
obese animals, unlike animals made obese by
stereotaxic lesions, will frequently mate and
rear their young. As in stereotaxic hypotha-
lamic animals, gold thioglucose-treated animals
show impairment of satiety mechanisms as well
as impaired reaction of the regulation of food
intake to cold, exercise, and caloric dilution.
Mayer and Marshall (ref. 42) later showed that
gold thiogalactose, gold thiosorbitol, gold thio-
malate, gold thioglycerol, gold thiocaproate,
gold thioglycoanilide, and gold thiosulfate did
not produce the brain damage which follows
gold thioglucose administration. Neither were
hyperphagia and obesity seen following such
treatments, even though toxicity of such com-
pounds is similar to that of gold thioglucose.
It was also shown that in the rat, gold thioglu-
cose caused lesions which were similar to those
seen in the mouse. The fact that simultaneous
administration of sodium thioglucose protects
animals against hypothalamic damage is prob-
ably traceable to competitive inhibition. On the
basis of these observations, Mayer suggested
that the toxic gold moiety of accumulated gold
thioglucose destroyed the ventromedial neurons
specifically because of the affinity of these cells
for the glucose component of the molecule, in
accordance with the general proposal that glu-
cose is a cardinal activator of the satiety center.
Recent work by Debons and coworkers (ref.
43), using radioautographic and neuron-
activiating analytical techniques, confirms and
considerably extends these conclusions. These
authors first determined the gold content of the
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rostral, middle, and caudal portions of brains
from controls. They found that some gold ac-
cumulated in the brain of all gold-treated ani-
mals with, however, notable differences in the
localization of the gold. Animals treated with
gold thiomalate failed to show any hypotha-
lamic localization of the gold. Animals which
received gold thioglucose but failed to become
obese had a lesser total gold content of the brain,
and the amounts of gold localized in the medial
sections were less than in the case of the animals
which developed the hyperphagic syndrome.
In gold thioglucose-treated animals, radioauto-
graphic localization of gold activity was found
consistently in four regions. The greatest con-
centration was in the hypothalamus, chiefly at
the lateral angles and floor of the third ventri-
cle. (Histologically, this region consisted of
collapsed glial scar tissue and, in some instances,
showed cystic changes.) There was also a sec-
ond and discrete concentration of radioactivity
in the midline dorsal and cephalad to the optic
chiasma and immediately dorsal to the anterior
commissure, a third in the caudal portion of the
septum and ventralhypocampal commissure,
and a fourth labeled area in the hindbrain in
the midline at about the level of the vestibular
nuclei in the floor of the fourth ventricle. The
fact that gold thioglucose, but not thiomalate,
administration leads to such localization, even
though gold diffused throughout the brain in
either case, was taken by the authors as a proba-
bility that the glucose moiety is responsible for
the focal accumulation of sufficient gold in the
hypothalamus to produce a destructive lesion
which can result in hypophagia and obesity.
Luse, Harris, and Stohr (ref. 44), in electron-
microscopy studies of the early lesion, noted
that gold thioglucose brought about initial
changes in the hypothalamic oligodendroglia
cells followed by focal neuronal degeneration.
The authors suggest that the oligodendroglia
cells, within certain areas of the central nervous
system, share a high degree of specificity to
glucose (ref. 45).

Debons and his colleagues (ref. 43) point out
that while it is true that the foci of gold accumu-
lation in the hindbrain, in the hypocampal com-
missure, and above the optic chiasm are at sites

where lesions have been reported by Perry and
Liebelt (ref. 46), this by no means proves the
suggestion of these authors that such extrahy-
pothalamic lesions indicate that gold thioglu-
cose passes through deficient areas in the blood-
brain barriers and is not selectively accumulated
at “gluco-receptor” sites. Indeed, they add,
in view of the extreme chemical specificity dem-
onstrated for the gold thioglucose molecule,
consideration must be given to the possibility
that the sites of extrahypothalamic gold accu-
mulation may themselves be glucoreceptive
areas.

That there are, incidentally, a number of
physiologic functions distinct from the regula-
tion of food intake which must be dependent on
the existence of glucoreceptors is suggested by
a number of facts, some of them known for a
long time. One example is the classical absence
of a secretory gastric (hydrochloric) response
to insulin after total vagotomy. Another
striking illustration is given by the famous ex-
periment of Zunz and LaBarre, confirmed more
recently by Duner (ref. 47), that when the cir-
culation in a dog’s head was isolated from the
rest of the body, with the nerve supply from
head to body intact, hyperglycemia of the head
resulted in hypoglycemia of the body.

Special Metabolic Characteristics of the
Ventromedial Area

A number of recent experiments have empha-
sized the metabolic heterogeneity of the hypo-
thalamus and the very special metabolic charac-
teristics of the ventromedial area. Forssberg
and Larsson (ref. 48), seeking to test the gluco-
static hypothesis, reasoned that the hunger state
must be accompanied by changes in the concen-
tration of those compounds through which
brain tissue, which cannot burn or store fat,
can achieve, nonetheless, some energy storage
(i.e., phosphagens: creatine phosphate and
adenosine triphosphate). Rates of incorpora-
tion of glucose and phosphorus would be ex-
pected to be particularly affected in the ventro-
medial area if it was designed to be sensitive
to the rate of utilization of glucose. To this
end, these authors studied the incorporation
of P* and C* glucose in three areas, one in-
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cluding the “feeding” and satiety areas, and two
situated directly above the optic chiasm, the
upper one cutting across the columna fornix
descendens. The results showed that, in hun-
gry rats, the sample which included the feeding
area showed a preferential uptake of P, in-
dictating an increased physiological activity
over that in the fed state. By contrast, in the
fed state, activity of the two control regions was
enhanced while that of the feeding area was
proportionally decreased. Experiments with
C* glucose showed the same type of response.
In hungry rats, the region including the feeding
area had a greater uptake of glucose, as com-
pared to the control areas. While these studies
demonstrated that various parts of the hypo-
thalamus differ in their metabolic reactions, in-
terpretation was difficult in that the experi-
mental samples studies and compared to
“control” areas included both the ventromedial
and the lateral areas as well as other structures
presumably not directly concerned with the
regulation of food intake.

In a later study, Chain, Larsson, and Poc-
chiari (ref. 49) confirmed the difference in the
fate of radioactive glucose in different parts of
the rabbit brain, particularly the labeling of
amino acids. Andersson, Larsson, and Poc-
chiari (ref. 50) extended the findings and
mapped the incorporation of (C**-alanine, as-
partic acid, glutamic acid, y-aminobutyric acid,
glutamine, and arginine in the hypothalamus of
the goat, again demonstrating difference in
metabolic reactions between various parts. In-
terpretation of these results, beyond the demon-
stration of heterogeneity of the hypothalamus,
is again difficult.

Anand (ref. 51), studying glucose and oxygen
uptake of various parts of the hypothalamus in
the monkey, arrived at much more clear-cut
results because of the better anatomical defini-
tion of his sample. He found that in the fed
animals, there is a relative increase in the oxy-
gen and glucose uptake per unit of nucleic acid
activity by the satiety (ventromedial) region
as compared with that of the feeding center.
In the starved animal, the uptake of oxygen and
glucose is less than that of the feeding region.
In this experiment, the arteriovenous glucose

difference was low in the starved animals and
high in the ones which had been fed. Anand
concluded that the results demonstrated an in-
crease in activity of the satiety centers during
fed states, which is accompanied by an increase
in the uptake of glucose and is presumably de-
termined by the changes in availability of
glucose. He writes:

. . . the medial regions are activated as a result of
changes in the levels of the blood sugar produced by
food intake, which subsequently produces satiety and
abolition of further eating by inhibiting the lateral
mechanisms. The electroencephalographic recordings
from feeding and satiety centers under conditions of
hyperglycemia (mentioned previously) lend further
support to his (Mayer’'s) hypothesis, as the changes
in the activity of satiety centers are more pronounced
than changes in the activity of feeding centers.

Electroencephalic Determinations

Anand and his coworkers have evaluated in
rats and monkeys the role played by changes in
the blood levels of various nutrients on the elec-
trical reactions of various hypothalamic areas
(reported at the Conference on the Internal En-
vironment and Alimentary Behavior, Brain
Research Institute, UCLA, Feb. 1962). Elec-
trodes were bilaterally implanted in the lateral,
ventromedial, and various control areas of the
hypothalamus. Still other electrodes were im-
planted in the cortex. Connections were
brought through the skin at the back of the
neck. Four to five days after the operation,
hyperglycemia was produced by the intravenous
injection of concentrated glucose solution. The
consequent rise in blood glucose caused an in-
crease in the frequency of encephalographic
waves from the ventromedial (satiety) area
from 6 to 7 per second to 9 to 10 per second.
This treatment causes a drastic decrease in ac-
tivity in the lateral (feeding) area, with reduc-
tions in potential by two-thirds or more being
noted. The electrical activity of control areas
in other parts of the hypothalamus was not
affected.

Conversely, hypoglycemia (produced by in-
travenous injection of insulin) caused a reduc-
tion in frequency of ventromedial waves from
6 to 7 per second to 2 to 3 per second. Activity
in the feeding center was increased.
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Changes in blood amino acid concentration
and blood lipid concentration did not affect the
electrical activity of the satiety and feeding
centers. Increase in glucose utilization follow-
ing the consumption of a meal was similarly
found to be associated with a doubling of the
frequency of ventromedial pulsation and a de-
crease in the activity of the feeding centers.

Long Term Regulation of Food Intake and
Body Weight

While the likelihood of the existence of a
long term mechanism of regulation of intake
and body weight, correcting the errors of the
short term mechanism, comes out very strongly
from the experiments of Gasnier and A. Mayer,
the mechanism of such a regulation (the exist-
ence of which has since been postulated by a
number of authors, in particular, Kennedy
(ref. 52)) is still unclear. Experiments con-
ducted in the Harvard Department of Nutri-
tion indicate that the efficiency of food utiliza-
tion by an animal which has once been obese
and reduced is greater than before obesity had
once taken place. This would suggest that,
as postulated by Kennedy, the adipose tissue
does play a considerable role in long term
homeostasis and that perhaps the level of en-
zymatic activity within this tissue tends to be
more self perpetuating than that of the fat con-
tent. It is, of course, possible that the long
term mechanism works through short term
components; more rapid uptake of nutrients, in
particular glucose, could take place whenever
the steric hindrance due to accumulated fat in
the adipose tissue is relieved by fat loss; Quaade
has pointed out some of the effects on heat load
of the body caused by the insulation due to in-
creased adipose tissue (ref. 53).

Hunger and Satiety Sensations in Adult Males

Monello and Mayer have recently studied
hunger and satiety sensations of close to a
thousand men, women and children. Part of
the study relates to 200 males (relatively active
salesmen) ranging in age from 22 to 61, with
the largest number ranging from 22 to 51. The
questionnaire method was used with the ques-
tions coming under 67 headings and the number
of alternative answers under each heading vary-
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ing from 4 to 6. While final evaluation awaits
coding and computer use, the following general
conclusions seem valid:

(1) There appear to be three major signals
of hunger, which may occur as early as 2 hours
following a meal. They are as follows:

(a) Specific physical sensations: gastric,
mouth, throat, and head. While gastric
sensations are an important signal, our work
indicates that mouth, throat, and head sen-
sations are far more significant than had been
previously recognized

(b) Urge to eat and consciousness of
hunger

(¢) General sensations: restlessness and
irritability being most frequent, with weak-
ness and sleepiness not uncommon
(2) There is, in general, for the whole

group—as one might expect—good correlation
between the occurrence of the various types of
sensations as the individuals proceed from
satiety to extreme hunger.

(3) There is a considerable degree of indi-
vidual variability as regards the very nature of
the sensations, their timing, and the associa-
tion of the sensations among themselves.
Moods are equally variable; for example, at a
given time after a meal, a fraction of the men
will report no sensations of hunger and will
feel contented ; others, while not experiencing
any sensations of hunger, will feel somewhat ex-
cited and restless; yet others experience various
combinations of the sensations mentioned above
and in addition may be restless or, in a small
number of cases, sleepy ; and so on.

A corresponding variability is encountered
when “satiety” sensations and moods during
and immediately following a meal are followed.
It appears safe to assume that such sensations
are a determinant of food habits, particularly
as regards the spacing and relative size of meals
and are in turn influenced by them. It seems
important that we know the individual profiles
of our astronauts and gage our feeding pro-
gram for a particular mission not only in terms
of caloric and nutrient requirements but also in
terms of individual food preferences, and—as
regards the way in which the food is going to
be consumed—in terms of individual hunger
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and satiety patterns. After all, we are dealing
with a small number of subjects who are rela-
tively easy to assess as individuals; we should
be able to devise the arrangement of meals and
snacks which is conducive to maximum comfort
for each. On long flights, where sensory dep-
rivation may become a problem, the judicious
use of food (apart from its nutritional proper-
ties) may do much to mitigate some of the psy-
chological problems which may be anticipated.

CONCLUDING REMARKS

The existence of a regulation of food intake—
perhaps mediated by a long term and a short
term mechanism—which insures homeostasis is
clear. In addition to properly metabolic in-
fluences, probably mediated through a gluco-
static component acting on the ventromedial
hypothalamic area, with a thermostatic com-
ponent acting perhaps on another area (pre-
optic) as a “safety valve”, and similar effects
due to high protein (and perhaps amino acid
imbalances, deficiencies, etc.) also acting on
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Gastric and Bowel Motility:
Effect of Diet

As has been pointed out there are advantages
to putting one’s subject in historical perspec-
tive. Let me therefore go back to a book pub-
lished in 1903 entitled 7The New Glutton or
Epicure (ref. 1). The author was Horace
Fletcher, who insisted that our ills could be
lessened by thorough and endless chewing, and
so brought the word “fletcherize” into our lan-
guage. A quote from his book may be of
interest :

One of the most noticeable and significant results of
economic nutrition gained through careful attention
to the mouth-treatment of food, or buccal-digestion,
is not only the small quantity of waste obtained but
its inoffensiveness. Under best test-conditions the
ashes of economic digestion have been reduced to one-
tenth of the average given as normal, and the ash
accumulates in sufficient quantity to demand release
only at the end of six-eight, or ten days, the longer
periods of rest being the evidence of the best economic
and health results.

And he appends a case report :

A conclusive demonstration of thorough digestion
in Mr. X’s case was afforded to me. There had, under
the regime above mentioned, been no evacuation of
the bowels for eight days. At the end of this period
he informed me that there were indications that the
rectum was about to evacuate, though the material
he was sure could not be of a large amount. Squat-
ting upon the floor of the room, without any percepti-
ble effort he passed into the hollow of his hand the
contents of the rectum. This was done to demonstrate
normal human cleanliness and inoffensiveness ; neither
stain nor odor remaining, either in the rectum or upon
the hand. The excreta were in the form of nearly
round balls, varying in size from a small marble to a
plum. These were greenish-brown in colour, of firm
congsistence, and covered over with a thin layer of
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mucus; but there was no more odor to it than there
was to a hot biscuit.

Unfortunately, these studies could hardly be
called controlled, and possibly chewing does not
fit in the rubric of motility. There have, how-
ever, been relatively few good studies on the
effect of chewing on intestinal residue and the
fecal wastes that are so much the concern of
this symposium. Many years after Fletcher,
a rather ingenious and little-cited experiment
was described (ref.2). Foods of different types
were divided into chunks of equal quantity.
One chunk was enclosed without further prep-
aration in a little mesh bag; the other was
thoroughly chewed, spit out, and then put in
another mesh bag. The two bags were then
tied to each other so that they would pass
through the gut together and were swallowed.

On the basis of what the bags contained as
they appeared in the feces, the different foods
tested were divided into three classes, In one
class, large residues were found in both bags.
In another class, there were foods which dis-
appeared completely from both bags. In be-
tween, there was a class which is perhaps the
most interesting—namely, foods which disap-
peared if they had been chewed, but still pres-
ent if they had not been chewed. Items in the
first class included vegetables, potatoes, and
certain kinds of fried meats. Items that dis-
appeared whether chewed or not chewed were
boiled eggs, boiled rice, fried cod, bread, and
cheese, The intermediate group, which dis-
appeared if chewed, but not if unchewed, con-
sisted of roast chicken and stewed lamb,
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Chewing may seem too simple an aspect of
digestion to spend much time on, but I would
argue that one should not adopt too supercil-
ious an attitude towards this function. At
least, purposeful and thorough mastication can
hardly be harmful, and the same cannot be said
concerning some of the dietary manipulations
that have been proposed for feeding man in
space. The only disadvantage to careful chew-
ing is that it might lead to aerophagia, and
hence might increase the volume of gas in the
gut. (Incidentally, I would also consider aero-
phagia as a real disadvantage of the suggestion
that astronauts chew gum for dental hygiene.)
As opposed to chewing or other means of me-
chanically fragmenting food into small parti-
cles, pretreatment that alters the natural chem-
ical composition of food may be distinctly
harmful, particularly from the viewpoint of
gastrointestinal motility.

A reasonable amount of knowledge exists
concerning the nutritional value of food. At
the other end, once food is absorbed and inside
the body, many aspects of its eventual meta-
bolic fate are known. Before the nutritional
value of food can be made available to the
body’s metabolism, however, the food has to be
ingested and then carried by gastrointestinal
motility to its site of absorption. Concerning
this aspect—the specific effect of various foods
on motility—knowledge is relatively meager,
although it is generally believed that the qual-
ity and quantity of a food may affect the motor
functions of the gut (ref. 3). If a food is in-
imical to gastrointestinal motility, a variety of
symptoms may ensue which as a rule are not
serious in that they threaten life, but which
may be sufficiently distressing to impair effi-
ciency and morale.

The axiom that an army travels on its belly
may be paraphrased into modern context by
stating that an astronaut flies best on a com-
fortable belly; that is, the food given him
should not make him a victim of indigestion.

When people complain of indigestion in this
country, or of dyspepsia in England, they
usually mean that they have sensations of up-
per abdominal discomfort, fullness, pressure,
gas, cramps, nausea and bloating. The words

“indigestion” and “dyspepsia” would imply
that these symptoms are literally caused by im-
paired digestion and that the responsible mech-
anisms are deficient emulsification or enzymatic
digestion of foods. As a matter of fact, failure
of enzyme or emulsification systems rarely
causes symptoms per se. In most instances
when people complain of indigestion, it is a dis-
order of the motor function of the gut that is
responsible. Cramps, “gas pressure”, “lump
feeling”, belching, and bowel disorders are all
manifestations of motility disorders, and our
dietary regimen for the astronauts should be so
designed as to avoid food factors that might
derange normal motility sufficiently to bring
about such symptoms.

One of the principal causes of indigestion as
just defined appears to be gastric retention due
to impaired evacuating mechanisms of the
stomach. One must differentiate here between
chronic gastric retention caused by an organic
mechanical obstruction at the outlet of the
stomach and the retention which is transient
and expresses a disorder of motility. It is the
latter which is considered herein; the mecha-
nism that is responsible and the symptoms that
are occasioned are exemplified by what happens
when anyone eats too much, and, in particular,
eats too much fat. Fats retard gastric evacu-
ation by physiologic mechanisms, but the symp-
toms produced are uncomfortable enough:
epigastric fullness, pressure, bloating, and
possibly even nausea. If there is in addition
some incompetency of the gastroesophageal
barrier mechanisms, gastroesophageal reflux
may attend this gastric retention, and the symp-
toms of heartburn are superimposed on the
others.

The idea that gastric emptying is chiefly con-
trolled by the pylorus, the “keeper of the gate,”
is untenable in light of present evidence. Gas-
tric emptying is principally controlled by 2
factors: the pressures in the stomach, and the
pressures in the duodenum. If the gradient be-
tween these pressures is flattened, gastric empty-
ing is retarded. Thus, fats induce gastric re-
tention by stimulating the duodenum to elab-
orate a humoral substance which depresses
gastric motility. A variety of conditions in-
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volving the nervous system, as well as humoral
factors, may also affect gastric evacuation, and
in particular nervous tension, vertigo, and
headache, most of which probably exert their
effect by enhancing duodenal tone (ref. 4).
Physical factors may also adversely affect gas-
tric emptying time, and those who have been
unaware of this have wasted considerable time
in studying the absorption of foods given by
mouth. For example, the effects of radiation
were extensively studied in mice a number of
years ago, and it was concluded that small doses
of radiation grossly retard the absorption of
various nutrients. Absorption was unquestion-
ably retarded, but the reason was not so much
intestinal damage as the fact that the radiation
induced, among other things, gastric retention,
and the foods which had been given by mouth
simply failed to reach the absorbing surface in
the usual time (ref.5).

Transient gastric retention caused by the type
of food eaten is of particular concern to us be-
cause of the idea that foods for space travel
might be more easily packaged, more easily
taken, and better digested and absorbed if they
were chemically pretreated and broken down to
some of their digestive products—protein to
polypeptides and carbohydrates to dextrins or
disaccharides, for example. Nothing could be
worse, however, for the degree to which a food
is broken down into smaller molecules before
its ingestion, to that degree gastric retention and
its attending symptoms are more likely to ensue.

In the duodenum there are, apparently, re-
ceptor mechanisms sensitive to osmotic pressure
of the duodenal contents. These osmoreceptors
respond to a wide variety of substances, and
Hunt (ref. 6) has shown that gastric retention
increases linearly with increasing solute con-
centration in the stomach., For a food of given
caloric value, therefore, the osmotic activity in-
creases, to the degree that it is predigested. Be-
cause of these considerations, I would strongly
advise against the inclusion of any predigested
foods, whether glucose, amino acids, peptides,
or dextrins in formula diets. Incidentally, one
would not feed fatty acids and glycerol instead
of neutral fats would one? The astronaut will
be much more comfortable if he is given foods

as they naturally occur, although they may be
physically uncomfortable; it will not increase
the amount of food that he assimilates.

In the small intestine an analogous situation
exists. Normally, to be sure, food is here di-
gested and broken down into small and osmotic-
ally active constitutents, such as amino acids
and glucose, but the absorption rate is so rapid
as compared with the digestion rate that appre-
ciable amounts of these osmotically active small
molecules do not accumulate, and the intestinal
milienu maintains isotonicity without difficulty.
Should, however, food of unusual composition
or amount enter the small bowel, its motility
becomes deranged.

In discussing motility, it may be appropriate
to define the terms more precisely, and, in par-
ticular, to point out the difference between mo-
tility and transit. Motility is usually consid-
ered to have three components: (1) tone, which
determines the caliber of the bowel lumen in the
face of various distending forces; (2) mixing
waves, which essentially knead and churn the
small bowel chyme; and, (3) peristalsis, a con-
traction which involves 1 to 2 centimeters of in-
testinal wall and moves downstream for variable
distances. Although it is true that active peri-
stalsis may cause rapid transit, peristalsis never
can determine transit time per se. For example,
a strong peristaltic contraction in the upper
part of the small gut may tend to propel mate-
rial downstream, but a high tone and active mix-
ing waves in this lower area may act as effective
brakes; and, the stronger the tone and the more
active the mixing waves, the slower the transit,
even though tone and mixing waves are expres-
sions of motility. On the other hand, if the
bowel is atonic throughout its length, it may
take just one moderately forceful peristaltic
wave to push material from one end of the gut to
the other. In certain clinical conditions such as
ulcerative colitis, for example, the patient has
diarrhea even though his overall motility is
much less than normal. Finally, material may
move downstream even in the total absence of
peristaltic waves, presumably because tone 1s
higher and mixing waves more active In the
jejunum than in the ileum (ref. 7).
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The three components of motility normally
interact so that the transport of chyme down-
stream causes no discomfort, and transit is nei-
ther too fast nor too slow. If, however, the
intestine is rapidly distended, it reacts with
forceful local contractions, tending to push its
contents downstream more rapidly from the
point of distention (diarrhea) -and to retain
them proximally (nausea and vomiting). One
way of rapidly distending the small intestine is
to introduce hypertonic material into it, for the
intestine responds to such material by a copious
and rapid outpouring of fluid in an effort to
maintain isotonicity of its contents.

This phenomenon and the reactions that ensue
can be illustrated by both experimental and
clinical examples. By means of a technique
devised by Fordtran (ref. 8) water and solute
exchange rates across the gut wall of intact
human subjects can be studied. By this means
it can be shown that if a hypertonic solution of
900 milliosmoles per kilogram is infused at a
rate of 15 milliliters per minute, the intestinal
contents have already been diluted to an osmo-
lality of 400 milliosmoles per kilogram at a
point of 30 centimeters distal to the point of in-
fusion, and to 220 milliosmoles per kilogram at
a point 60 centimeters distal. In spite of com-
pensating efforts by the intestine lower down,
subjects so tested may have cramps, diarrhea,
and at times even weakness. If xylose, a 5-
carbon sugar that is about 50 percent absorbed,
is ingested, water is partly retained in the gut,
and again cramps and diarrhea, though of a
lesser degree, may be produced (ref. 9).

Clinically, surgeons and internists worry
about what is called the dumping syndrome,
which may appear after the stomach has been
anastomosed to the jejunum. The responsible
mechanism is implied by the name: material
from the stomach dumps through the artificial
anastomosis into the small bowel at a concentra-
tion of nutrients and at a rate far above those
which would be permitted by the normal route
of gastric evacuation. As a result, fluids and
electrolytes rush into the gut lumen; discom-
fort, cramps, distention, and nausea develop;
and, as further consequences, the reduced blood

volume brings about sweating, weakness, rapid
pulse, and impending syncope.

Under abnormal conditions, this reaction of
small bowel motility to an irritant—in this
case hypertonic chyme—may be accentuated.
Many years ago, in an effort to enhance the
nutrition of a patient who had nontropical
sprue, a disease characterized by impaired ab-
sorption of all substances including water and
electrolytes, I fed the patient amino acids and
glucose by mouth on the assumption that this
might provide his small bowel with longer ex-
posure time to food in a form all ready to be
absorbed. Nothing could have been more dis-
astrous. Even though the patient had normal
gastrointestinal continuity, his gastric evacu-
ation mechanism was not quite able to compen-
sate for the extremely unnatural food admin-
istered, and presumably it allowed unusually
hypertonic material to enter the small intestine.
This organ, although its absorption was im-
paired, could pour out fluids and electrolytes,
with the consequence that the patient had a
diarrhea so profuse as to be reminiscent of
cholera.

Why a discussion of what happens in sprue
when we are talking about the nutrition of a
healthy astronaut? The point is that the astro-
naut may be exposed to a variety of conditions
which may not be ideal to normal gastrointesti-
nal function. In several of the preceding
papers it has been suggested that blood flow in
the weightless state may be abnormal, and par-
ticularly abnormal with respect to its splanchnic
distribution. Although experimental evidence
on the point is limited, it is generally believed
that impaired blood flow to the gut, particularly
when that gut has just been filled with food,
leads to deranged absorption as well as motility.
Hence, if it is possible that the weightless state
affects the circulation to the gut, it behooves us
to be particularly careful not to feed the astro-
naut with artificial preparations which the gut
may possibly not tolerate.

Emphasis has been placed on the reaction of
the small intestine to a hypertonic solution be-
cause this is an example in which the sequence of
events culminating in a motility disorder and
distressing symptoms can be traced with a rea-
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sonable amount of knowledge. The intestinal
tract of man, however, can misbehave in other
ways which are more subtle and less easily doc-
umented. Thus, a peristaltic contraction at one
point may be associated with a tonic contraction
(i.e., a spasm) distally, this incoordination of
adjoining gut segments presumably leading to
pain and a variety of other abdominal symp-
toms. Such derangements of motility occur
under ordinary life circumstances, and it is not
easy to identify the responsible mechanisms ex-
cept to suggest that they may be multiple and
include phychie, physical, and dietary factors.

With respect to colonic motility, the concept
of residue appears to dominate all thinking, but
this is certainly an oversimplification. In the
first place, high residue foods are not easy to
define. If a food such as bran contains a great
deal of undigestible material, this presumably
leaves a residue in the colon, but the degree of
bacterial action in the colon may reduce this
residue so that the fecal bulk may not be as large
as would be expected. Milk, on the other hand,
contains no crude fiber or roughage in the sense
that bran does; nevertheless, it is a relatively
high residue food leading to considerable fecal
bulk (ref. 10). Even an apparently low residue
food such as white bread, if eaten almost exclu-
sively and to excess, can cause loose stools, gas,
and considerable fecal bulk (ref. 10).

Because of examples such as these, it is my
belief that most discussions of fecal residues
with respect to certain food items are based on
hand-me-downs and a priori conclusions based
upon in vitro analyses of foods. Residue, how-
ever, depends on several factors: the nature of
the food consumed, the adequacy of the small
bowel in digesting and absorbing that food, and,
most important, the effect of the colonic flora on
such residues of this food that may enter the
colon. This last aspect of the problem has not
been studied except in a most peripheral fashion.

The second problem pertaining to residues is
that they are often equated with bowel function
in the sense that high residue foods are believed
to lead to frequent and possibly loose evacua-
tions, and bland, low residue foods to the
opposite. Although such correlations may fre-
quently exist, they certainly do not exist in-
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variably. Thus, ordinary barium sulfate used
for X-ray examinations is certainly a high resi-
due “food,” but its constipating effects are well
known. The same thing may be said of kaolin.
On the other hand, when Fantus, Kopstein, and
Schmidt (ref. 11) studied the effect of bran on
intestinal transit, these times were not grossly
affected and the total bowel evacuation rate was
only slightly changed by an appreciable intake
of bran,

Finally, it should be pointed out that one of
the few careful studies that has been carried
out on the colonic effects of residues indicated
that residues do not stimulate colonic motility
mechanically because of bulk, but rather be-
cause they offer hemicelluloses for digestion to
the colonic bacteria, with the consequent pro-
duction of volatile, short-chain fatty acids,
which in turn irritate the colonic mucosa suffi-
ciently to cause evacuation of stools (ref. 12).

The ingestion of hemicellulose-containing ma-
terial is a reasonably sure way of providing
colonie bacteria with a substrate, since the hu-
man small bowel does not digest these sub-
stances. Colonic bacteria, however, can ferment
and produce lactic acid as well as short-chain
volatile fatty acids from any carbohydrate ma-
terial that reaches their normal habitat in the
colon. (In this connection, it should be pointed
out that numerous studies have shown that most
of the human small bowel does not have an in-
digenous flora and is quite sterile except for
bacteria that are intermittently carried down
with food residues (ref. 13).) Currently, for
example, there is great interest in the clinical
syndrome of disaccharide intolerance, a condi-
tion characterized by inability to digest and
absorb lactose or, less frequently, sucrose. In
fact, many feel that milk intolerance is not an
intolerance to milk proteins as much as it is
due to impaired ability to handle lactose. Even
normal carbohydrate tolerance may be overcome
by eating carbohydrate in excess. Rubner’s sub-
ject (ref. 10), when given an almost exclusive
bread diet, had stools and symptoms suggesting
that sufficient carbohydrate reached the colon
for excessive bacterial fermentation to take

place.
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The question may be asked “What has this
got to do with the healthy astronaut?’ No
matter what strange diet is planned for him, it is
true that we are not planning to feed him purely
white bread and beer. The point is that from
a clinical point of view the incidence of alleged
milk intolerance in the population is fairly high.
Recently, moreover, studies of lactose intoler-
ance in the general population have yielded such
high incidence figures that we must make our
choice between two conclusions: (1) Either the
tests are fallible or (2) borderline and subclin-
ical lactose intolerance is fairly common. Two
tests are used : One is a lactose intolerance test
in which a lactose load is given by mouth and
the blood level of one of its monosaccharide con-
stituents, glucose, is measured thereafter. The
second consists of obtaining a biopsy of the
jejunal mucosa by means of a perorally passed
tube and assaying the sample for its lactose con-
tent. In some test series, the incidence of abnor-
mal results as determined by these two proced-
ures is as high as 30 percent in what appears to
be an essentially normal population. Perhaps
our space travelers should have lactose toler-
ance tests as part of their physical examination,
but a more sensible procedure would be to elim-
inate from their diet preparations with dis-
proportionally high carbohydate concentra-
tions.

Up to now, we have been discussing the indi-
rect effect on motility of colonic flora acting by
virtue of their utilization of food residues. At
a recent meeting of the Gastroenterological Re-
search Forum, it was noted that colonic bacteria
may play a direct role in this respect (ref. 14).
It is known that rodents in the germ-free state
may develop a huge cecum, but the reasons for
this are not known. According to this recent
report, the small intestine may normally pro-
duce amines potentially able to affect the vascu-
lature and the smooth muscles of the gut. Nor-
mally, however, colonic bacteria destroy these
amines and negate their activity, but in the
absence of bacteria, the muscular inhibition pro-
duced by the amines may lead to cecal disten-
tion. If this is true, then bacteria may affect
motility much more directly than is generally
appreciated.

Obviously one of the great and continuing
unknowns is the role of the colonic flora, and,
evidently, it must have further and intensive
study. I would, however, like to question
whether further intensive study of fecal bacteri-
ology is indicated. Feces as passed by the anus
contain variable amounts of dead bacteria, and
the normal proportions of, for example, aerobes
and anaerobes may not be indicated by analysis
of material passed by the rectum. I would,
therefore, strongly urge that those who study
colonic bacteria in man obtain their samples
from the cecum, and the ascending and trans-
verse colons. This can be easily accomplished
with the various tubes available today.

Whether weightlessness affects rectal evacua-
tion is moot; apparently the record of defeca-
tion in space is incomplete. Irrespective of the
effect of weightlessness, however, inactivity does
affect intestinal transit and colonic evacuation.
Clinically, it is quite apparent that the patient
immobile in bed may get severely constipated.
It is also apparent that artificial boluses, such
as balloons, put into the intestine, move down-
stream much more rapidly if the subject is up
and moving around than if he is lying quietly in
bed. Presumably, it is the physical activity
and motion rather than gravity which hasten
the downstream passage of intestinal contents,
but whether inactivity or weightlessness, the
astronaut is exposed to both factors until large
space capsules are made. Under current con-
ditions, with the emphasis on short-term flights,
T am sure that the most practical solution to the
waste-disposal problem has been a constipated
astronaut. Like other abnormalities of bowel
motility, however, constipation tends to distress
most people, and hence, for the future, when
longer flights are planned, it is a state to which
the astronaut should not be subjected. The diet
of future astronauts should, therefore, be so
designed to induce adequate roughage to pro-
mote normal evacuation.

The effects of weightlessness on motility and
digestion are imponderable. Rather than spec-
ulate about these, I believe our terrestrial ex-
perience permits us to make certaln recommen-
dations concerning the diet of astronauts with
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the purpose of deranging gastrointestinal mo-
tility as little as possible.

(1) Fragmentation of natural foods into
small particles may have certain advantages.
This may be accomplished by purposely thor-
ough mastication or, to the extent the palatabil-
ity is not impaired, by mechanical pretreatment
of foods.

(2) Excess fats should be avoided because of
their effect in delaying gastric evacuation.

(3) Excess carbohydrates should be avoided
because they may enhance fermentative activity
of intestinal bacteria.

(4) This leaves protein as the principal
staple of the astronaut’s diet, and indeed there
are few foods which are digested and assimi-
lated as completely as, for example, a hard-
boiled egg. It has been suggested that proteins
may be gassy, but no objective evidence can be
marshalled to support this belief. On the other
hand, proteins do enhance the growth of so-
called putrefactive colonic bacteria, and hence it
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must be admitted that gas production during
high protein intakes, even though not excessive
in quantity, may be particularly unpleasant in
quality.

(5) Any form of predigested food is to be
totally avoided. Its noxious effect is probably
much more real than that usually attributed to
spices.

(6) For long-term flights in the future, cur-
rent attempts to induce constipation should
probably be abandoned in favor of dietary
manipulations that moderately promote bowel
evacuation, particularly in view of the inactivity
to which the astronaut will be exposed.

(7) These points, taken as a whole, indicate
that the best diet, from the viewpoint of main-
taining normal gastrointestinal motility, is
one which in taste, composition, and character
is a well-balanced diet such as might naturally
be chosen on Earth; it should be modified only
to the extent required by the practical limita-
tions of space travel.
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Although certain pathogenic enteric bacteria
such as the microorganisms now known as Vi-
brio cholerae and Shigella dysenteriae 1 (refs.
1 and 2) were described about the same time, the
studies reported by Escherich (ref. 3) may be
said to mark the beginnings of investigations of
intestinal flora in the more general sense.
Among other things, Escherich reported on the
fecal flora of newly born infants and described
the bacterium which bears his name, Escherichia
coli. This species is the type species of the genus
Escherichia, and this genus now has been con-
served as the type genus of the family Entero-
bacteriaceae. W

Since the early reports mentioned (refs. 1, 2,
and 3) appeared, a vast literature has accumu-
lated on the subject of the intestinal flora (and
fauna) of man and lower animals both in health
and in disease. While most of this work was
very well done by highly competent investiga-
tors, the majority of the reports contained only
qualitative data because of the technical limita-
tions of the times. However, it should be em-
phasized that these early reports contained es-
sential information upon which recent and
current research is based; hence their impor-
tance should not be minimized.

In recent years, many investigations have
been reported which deal with the intestinal
flora of lower animals, both conventional and
germ-free, and in the majority of these investi-

© gations quantitative methods were employed. A

wide variety of subjects have been covered, such
as the relationship of intestinal flora to resist-
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ance; the effects of changes in diet; and the
effects of antibiotics, colicines, and bacterio-
phages on the flora and on antagonisms, to list
only a few subjects and approaches (refs. 4
to9).

However, literature containing quantitative
data on the subject of the intestinal flora of the
human, particularly the adult, appears to be
very sparse. Hence, this report will, of neces-
sity, be a summary of data reported in only a
few papers.

Table I contains the data obtained by Haenel
and Feldheim (ref. 10) from the examination
of 50 fecal specimens from 21 healthy adults.
They also examined 258 specimens from 94 pa-
tients suffering various disease conditions, other
than diarrheal disease, and obtained results sim-
ilar to those listed in table I except in cases of
anacidity and gastrectomy.

Seeliger and Werner (ref. 11) recently gave
an excellent report of extensive investigations
into the intestinal flora of man, in which they
employed a variety of media and methods, both
aerobic and anaerobic. In the examination of
15 fecal specimens collected from a single adult,
over a period of 6 weeks, these investigators
reported the results which are given in table I1
in a modified form. Seeliger and Werner also
studied the intestinal flora of five adults by
aerobic and anaerobic methods. Their results
may be summarized as follows.

Gram-negative microorganisms.—The aerobic
and anaerobic bacterial flora is composed prin-
cipally of rod-shaped forms. Gram-negative
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TasLE 1.—Intestthal Flora Found in Examination of 50 Fecal Specimens From 21 Healthy Adults (ref. 10)

Culture

Flora per g feces Remarks

Bifidus group

Acidophilus group

differentiated).

Lecithinase-positive

Gram-positive obligate anaerobes (undifferentiated).___-

Gram-positive (facultative aerobes-anaerobes un-
Colt group- . - o o __._

Enterococet - — - - o o e
Proteus - o e

een| 107209 Numbers greater than 5
10° were not observed.

ceo| 105108 ____.

e 102104

Clostride@e e v - o

Usually 10°-1010, Numbers below 108 were

not observed.

Usually 105-108.

Occasionally absent.

TaBLE Il.—Intestinal Flora Found in 15 Fecal Specimens Collected From a Single Adult Over a 6-Week
Pertod (ref. 11)

Average Bifido-
no. bac- E. coli, | Klebsiella, | Strepto- Lacto- bacterium Gram-
Culture teria, percent percent cocct, bacillus, |and Lacto- | negative
million/g | bacteria bacteria percent percent bacillus, | anaerobes
feces bacteria bacteria percent
bacteria
Aerobic
Mean.. ___________ 858 33.0 5.5 27.1 42.5 | ... | --_--
Maximum.__._._._.__ 70 7.3 5.0 14.0 4.0 | ... | -----_
Minimum__________ 2150 88.4 36.5 53.5 55.6 | ... | ------
Anaerobic
Mean_ . __...__..__ 2724 8.6 3.3 6.6 | ... 43.4 38.4
Maximum______.____ 1090 1.4 0.3 0.3 | -—.o..- 25.0 5.4
Minimum_____._.___ 5940 30.9 0.8 20.6 | _____. 64.4 72.3
No. of specimens in which
bacteria not detected_.| _-_____ 0 10 3 0 0 2

coccl, Neisseria (aerobic) and Veillonella (an-
aerobic), are abundant in the oral cavity, but oc-
cur infrequently in the lower intestinal tract.
In adults the prevalence of Gram-negative an-
aerobes over E'scherichia is in the order of 10°
as opposed to 107 to 10® per gram. In addition
to members of the family Enterobacteriaceae,
Alcaligenes, Pseudomonas, and Flavobacterium
occasionally are found. (Aeromonas and Vibrio
species sometimes are present in fecal speci-
mens.)

Gram-positive  microorganisms—QOf the
genera that are aerobic, the most common were

Staphylococcus, Streptococcus, and Lactobacil-
lus and of the anaerobes, Bifidobacterium spe-
cies occurred most frequently. In adults the
Bifidobacteria persist and frequently outnumber
the anaerobic Gram-negative bacteria.
Spore-forming bacteria—Seeliger and Wer-
ner found that normally these do not exceed 10°
to 10* per gram. (Clostridiwm perfringens is
almost universally present in the feces of men
and many other animals (ref. 12) ; also, other
Clostridia and some species of Bacillus may be

found.)
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Yeasts—These were found in some specimens
and of those that grow at 37° C Candida albi-
cans occurred most frequently.

Some of the data reported by Seeliger and
Werner (ref. 11) are summarized further in
table III. Examination of the data in table
III indicated that there was considerable varia-
tion in the bacterial counts from individual to
individual, but the number of individuals exam-
ined was very small. Nevertheless, the results
reported by Seeliger and Werner appear to
agree quite closely with the data of Haenel and
Feldheim (ref. 10) mentioned earlier and with
data for man reported by Smith and Crabb

(1961, quoted by Rosebury, ref. 8). In connec- ] ] ]
tion with the data given in tables IIT and IV, Aerobic bacteria * Abrﬁigggc
it is clear that both aerobic and anaerobic cul-
tural methods are essential for an accurate esti- Specimen Ristella
mation of the numbers of £ ¢oli in fecal speci- E. coli® (Bacteriodes),
. . Sphaerophor-
mens, as mentioned by Seeliger and Werner. us, Fusiformis
Attempts to implant £ coli in man and other
animals largely have been unsuccessful (ref. A
11). Yet there is no doubt that some strains of (spec. 1)__| 2107 (1X10%) 2% 100
E. coli do become implanted in humans and in (spec. 2)__ | 1x107 2X10%) | ________
lower animals and that this process begins B 2X107 (1X107) >1X10°
within a few hours or days after birth. There % ““““““ iiig; gé }8:; ;ii}gz
are numerous reports in the literature which in- B | 7x10r (1x107) 1109
dicate that there are “resident” and “transient”

strains of £. coli in the intestinal tract (refs. 9
and 13 to 16). The term “resident” as used
here should not be taken too literally, since these
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resident strains are replaced by others from time
to time.

In connection with the subject of implanta-
tion of £. coli strains, it is well to remember
that all £. coli strains are not alike. On the
contrary, there are thousands of different sero-
types of £. coli and it is apparent that there are
extreme differences, beyond serotypic differ-

TaBLE II1.—Gram-Negative Aerobic and Anaerobic

Bacteria Found in Fecal Specimens From Five
Adults on Mixed Diets

[Adapted from table 4, ref. 11)]

* Other enteritic bacteria did not grow with methods
used.

b Data in parentheses were obtained by anaerobic
culture methods.

TABLE IV.—Gram-Negative Aerobic and Anaerobic Bacteria Found in Fecal Specimens From Five Adults
on Mixed Diets

[Adapted from table 6, ref. 11]

Approzx. ratio of

Staphyl- Strepto- Lacto- Bifido- Bifidobacterium

Specimen ococcus coccus bacillus bacterium to other bacteria

(including Gram-

negatives)
A (spee. 1) ________ 3X 108 (®) ® 2X 10° 1:1
(spee. 2) e ocmeo 1X10° 1X108 6107 4%10° 3:1
B 1X107 5X 108 2108 9x 108 3:1
Co . ®) ® * 8X10° 5:1
D . O] 4% 108 5X 107 1100 5:1
B ) 1X108 1X 108 1X 108 1:12

s Bacteria did not grow with methods used.
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ences, between them. Some serotypes when
introduced may never be demonstrated in the
feces. Some become implanted but may be de-
tected in small numbers and may or may not be
transient inhabitants. Others may replace ex-
isting serotypes and become “resident” strains.
Some transient and some resident serotypes
have the ability to spread easily from one per-
son to another, while others lack this ability
(refs. 17 and 18). The work of Spaulding and
his associates (refs. 19 to 22) should be men-
tioned at this point, since their work by means
of continuous culture methods appears to con-
firm, in general, the points mentioned.

It is known (ref. 11) that considerable
change may take place in the intestinal flora in
the absence of change in diet. Further, in ref-
erence 11 it is reported that diets that are rich
in carbohydrates favor increases in the numbers
of Gram-positive bacteria, especially Lacto-
bacilli and Bifidobacteria, while diets with

REFERENCES

1. Kocr, R.: Ueber die Cholerabakterien. Deut.
Med. Wochschr., vol. 10, no. 45, Nov. 1884, pp.
725-728,

2. CHANTEMEBSE, A.; AND WipaL, F.: Sur les mi-
crobes de la dysenterie épidémique. Bull. Acad.
Med. (Paris), vol. XIX, Apr, 1888, pp. 522-530.

3. EscHERICH, T.: Die Darmbacterien des Neugebore-
nen und Siuglings. Fortschr. Med. (Berlin),
vol. iii, 1885, pp. 515-522.

4. Dusos, R. J.; ET AL.: Unsolved Problems in Study
and Control of Microbial Diseases, J. Am. Med.
Assoc., vol. 157, Apr. 1955, pp. 1477-1479,

5. DuBos, R. J.; AND SCcHAEDLER, R. W.: The Effect
of Diet on the Fecal Bacterial Flora of Mice and
on Their Resistance to Infection. J. Exp. Med.,
vol. 115, June 1962, pp. 1161-1172.

6. CosTELLO, R. L.; Dusos, R. J.; AND SCHAEDLER,
R. W.: Measurements of Resistance to Experi-
mental Tuberculosis in Mice. J. Exp. Med., vol.
116, Dec. 1962, pp. 847-857.

7. DuBos, R. J.; ScHAEDLER, R. W.; aND COSTELLO,
R. L.: The Effect of Antibacterial Drugs on the
Weight of Mice. J. Exp. Med., vol. 117, Feb.
1963, pp. 245-257.

8. RosEBURY, T.: Microorganisms Indigenous to Man.
McGraw-Hill Book Co., Inc., 1962,

9. GUINEE, P. A. M.: Experimental Studies on the
Origin and Significance of Antibiotie-resistant
KEscherichia Coli in Animals and Man.
Dijk (Breukelen, Holland), 1963.

G. van

meats give rise to increases in the numbers of
Gram-negative aerobes and anaerobes.

Nothing has been said about many other
kinds of bacteria, Mycoplasma, and viruses
which are known to occur in the intestine, at
least from time to time. However, quantita-
tive data on these microorganisms appear to be
lacking.

Further, we have not mentioned the patho-
genic forms such as the Salmonella, Shigella,
enterotoxic staphylococei, and certain types of
Olostridium. However, it is obvious that great
care must be exercised in the selection, process-
ing, packaging, and storage of all foods in or-
der to be certain that pathogenic microorga-
nisms are not present. Also, it is clear that the
astronauts, as well as everyone in close con-
tact with them, should be examined frequently
to be as certain as possible that there are no
carriers among them.

10. HAENEL, H.; AND FELDHEIM, G.: On the Definition
of “Normal and Disordered” Intestinal Flora in
Adults. Med. Welt, vol. 3, Jan. 1961, pp. 134—
140.

11. SEeLIGER, H. P.; AND WERNER, H.: Recherches
qualitatives et quantitatives sur la flore intes-
tinale de 'homme. Ann. Inst. Pasteur (Paris),
vol. 105, Nov. 1963, pp. 911-936.

12. TAYLOR, A. W.; AND GorpoN, W. 8.: Survey
Types of Cl. Welchii Present in Soil and in In-
testinal Contents of Animals and Man. J.
Pathol. Bacteriol.,, vol. 50, Mar. 1940, pp. 271-
277,

13. KAUFMANN, F.; axp PercH, B.: Uber die Coli-
flora des Gesunden Menschen. Acta. Pathol.
Microbiol. Scand., vol. XX, 1943, pp. 201-220.

14. SEars, H. J.; BROWNLEE, I.; AND UcHIYAMA, J. K.:
Persistence of Individual Strains of Escherichia
COoli in Intestinal Tract of Man. J. Bacteriol,
vol. 59, Feb. 1950, pp. 293-301.

15. Sears, H. J.; aNp BROwNLEE, I.: Further Observa-
tions on Persistence of Individual Strains of
Escherichia Coli in Intestinal Tract of Man. J.
Bacteriol., vol. 63, Jan. 1952, pp. 47-57.

16. KAUFMANN, F.: Uber die Bedeutung der Escheri-
chia-coli-Typen fiir die Beurteilung der Darm-
flora. Deut. Med. Wochschr, vol. 79, June 1954,
pp. 1033-1035.

17. Ewine, W. H.; anp Davis, B. R.: The O Antigen
Groups of HEscherichia Coli From Various
Sources. CDC (Atlanta) Pamphlet, July 1961.




INTESTINAL FLORA 225

18. EwiNg, W. H.; er AL.: Studies on the Occurrence
of Escherichia Coli Serotypes Associated With
Infantile Diarrheal Disease. CDC (Atlanta)
Pamphlet, 1963.

19. SpavLpiNg, E. H.; AND ZUBRzYCKI, L.: Continuous
Culture Studies on the Stability of the Normal
Human Fecal Flora. Intern. Congr. Micro-
biol,, Tth (Stockholm), 1958, pp. 185-186.

20. SpaULDING, E. H.; ZUBRzYCKI, L.; AND LAMPHEAR,
J. H.: Continuous-Flow Culture Studies With
Strains of Bscherichia Coli: Isolation of a Lytic
Factor. Bact. Proc. ASM, May 1964, p. 68.

21. ZuBrzYCKLI, L. ; SPAULDING, K. H.; AND LAMPHEAR,
J. H.: Characteristics of a Generalized Trans-
ducing Phage for Hscherichia Coli Serotype 04.
Bact. Proc. ASM, May 1964, p. 142.

22. GaGE, P.; GUNTHER, C. B.; AND SpauLping, E. H.:
Persistence of E. Coli Serotypes in the Stools of
Infants. Bact. Proc. ASM, Apr. 1961, p. 117.

23. SEELIGER, H. P.: Das Dysbakterie Problem vom
Standpunkt des Mikrobiologen (Dysbacteria
from the Standpoint of a Microbiologist).
Zeutr. Bakteriol. Parasitenk., Abt. I. Orig.,
vol. 170, Nov. 1957, pp. 288-316.



Page intentionally left blank



Discussion:

T. D. Luckey

Department of Biochemistry

Intestinal Flora

Although there are both flora and fauna
living in intimate association with our skin,
nares, larynx, trachea and bronchia, urogenital
tract, and gastrointestinal tract, major in-
terest and information has centered on the flora
of the gastrointestinal tract. While other tis-
sues and organs are not necessarily sterile at
all times, their association with bacteria is usu-
ally minor excepting during gross infection.
Much of the time they are sterile. Conse-
quently the following report is concerned pri-
marily with the microflora of the gastrointes-
tinal tract. As recent summaries indicate,
there are not enough complete data regarding
the normal indigenous microflora of man’s
gastrointestinal tract. The data from experi-
mental animals are much more numerous, but
they don’t seem to be qualitatively superior.
The techniques used are laborious and it is
difficult to correlate results from one laboratory
with those from another.

Functions to be attributed to the action of
the living microflora may be well documented
in certain cases. In other cases there may be
simply an implication from the fact that a re-
searcher has found a difference between those
animals which contain living microorganisms
and germfree animals. If tissues of germ-
free animals are found to be different from
those of classic animals, this is presumptive
evidence that bacteria have a function in the
stimulation, development and/or maintenance
of host cells or tissues in an activated state.
If these be essential functions then there is a
symbiotic relationship between host and micro-

University of Missouri School of Medicine

flora. The host provides a constant tempera-
ture, water, food, waste disposal, and a rela-
tively constant pH and atmosphere. The
microorganisms may provide development of
the defense mechanisms, changed morpholog-
ical details, or nutritional benefits for the host.

When Pasteur contemplated the terminus of
the half-century controversy of agriculture
which culminated in the concept that bacteria
are needed for nitrogen fixation in legume
plants (reviewed in ref. 1), his knowledge of
the tremendous capabilities of microorganisms
in fermentation weighed more heavily than
did his knowledge of specific microorganisms
as the cause for certain diseases; he there-
fore expressed his belief that life without bac-
teria would be impossible. It was common
knowledge that the intestinal tract was teem-
ing with microorganisms, and he believed that
during the evolution of vertebrates there was
established a symbiotic relationship in which
the host is dependent upon the microorganisms
for the digestion of natural foodstuffs. Nencki
answered the master of microbes: Since bac-
teria produce toxins, many bacteria are harm-
ful and life should be possible without bac-
teria. This view was promulgated by Metch-
nikoff who believed not only that bacteria were
responsible for many specific diseases and in- |
fections but also that the intestinal toxins they
might produce would shorten the life of the
man. He pointed out that vertebrate species
which have a relatively short intestinal tract
with relatively few microorganisms have a
long life compared to those animals which have
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a long intestinal tract with many micro-
organisms.

Results of experiments by Kianizin (ref. 2)
from 1894 to 1916 indicated that life was im-
possible when the water, air, and diet of dogs
and rabbits were sterilized. Sucksdorff (ref.3)
found few bacteria in the intestinal contents of
men fed sterile diets. Nuttal and Thier-
felder believed that their experiments, in which
animals were maintained in sterile conditions
for 10 days, provided evidence that life is
possible without bacteria. Their result was
criticized by both Schottelius (ref. 4) and
Kuster (ref. 5) who suggested that the in-
creased weight was due to a filling of the gut.
Similar results were obtained with inverte-
brates by Conte (ref. 6) and by Delcourt and
Guyenot (ref. 7). These, plus the negative
results of Schottelius during more than a dec-
ade of work and the disappointing results of
Madam Metchnikoff with tadpoles, were all
overcome by a series of dramatic, successful
experiments in raising germfree chicks by Co-
hendy at the Pasteur Institute in 1912 (ref.
8) and with reproduction in axenic flies by
Guyenot in 1917 (ref. 9). Life was possible
without bacteria. This has been amply con-
firmed in a variety of laboratories, and colonies
of mice and rats now in existence are in the
20th generation of life in the germfree state.
We must interpret the results of Kianizin as
we do the early germfree experiments: the
prime cause of failure was a lack of under-
standing of nutrition.

What are the consequences to the indigenous
microflora in a well-fed, isolated host? The
pioneering experiments of this important study
have been done by students of J. A. Reyniers.
In 1941 Nelson placed a young conventional
guinea pig in a sterile cage and gave it sterile
food, water, and air for 1 year (ref.10). During
this time it exhibited autodisinfection to such
an extent that only three species of microorga-
nisms could be found. One of these was a mold
which was not found inside the animal. The
remaining organisms were one species of strep-
tococcus and one diplococcus. This experiment
was confirmed by Reback in 1942 with weaned
rats fed an autoclaved diet in a nonsterile envi-
ronment (ref. 11). These were found to have

simplified flora. When he maintained weaned
rats under sterile conditions, most enterococci
were lost within 1 month. After 3 months no
fission yeast or cocci, except lanceolate cocci, and
almost no gram-negative rods were present in
the feces. A gram-positive rod was the most
abundant organism present. The intestinal
flora of the white rat with complete anal block
also becomes simplified. This work was re-
ported by Wagner (ref. 12). The total micro-
bial population was greatly diminished and the
rats died within 10 days. One hypothesis, that
death was caused by intestinal infection or tox-
ins, was effectively denied by repeating the ex-
periment with germfree rats. These died with
similar clinical symptoms and during the same
period as the conventional rats. These experi-
ments and decontamination of rats having lim-
ited flora were reviewed by Luckey (ref. 1).
Obviously more information is needed regard-
ing the effect of long-term isolation upon the
indigenous microflora.

INTESTINAL BIODYNAMICS

One vector of the biodynamics of the intestine
which should be considered is the total space
requirement, or the M-factor, of bacteria. If we
consider that the volume of the average bac-
terium or coccus is about 1 cubic micron, or 10-*#
cubic centimeter, then we are oriented to the fact
that 102 such organisms per gram would be 100
pecent of the volume. Some organisms, such as
Leptospira, may be as large as 10 cubic microns
and some may be as small as 1 or 2 tenths of a
cubic micron. Table I gives numbers of intesti-
nal microorganisms under different conditions.
The usual total count of all microorganisms in
human excreta is about 10 bacteria per gram.
Data obtained by adding known species of bac-
teria to animals which were germfree have
been discussed under the heading of “gnoto-
phoric animals” by Luckey (ref.1). The popu-
lation of Bacteroides in dibiotic rats is consider-
ably greater than that in tribiotic rats with
Salmonella as the third member of the biota.
When Streptococcus faecalis or Escherichia coli
was added to a germfree guinea pig the result-
ing total population was 10° per gram of con-
tents. When E. coli and Lactobacillus bifidus
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TaBLE I.—Bacterial Space or M-Factor in the Intestine
[Data from various sources as reviewed by Luckey (ref. 1)]

. Count,
Animal * Material Organism logi/g
®)

Human.____________ . ___.__. Colon and feces- .- ________ Al __ 11
Dibiotie rat- .- ________ Cecum________.________.__ Bacteroides u_.________ 4-5
e s Bacteroides u.____.____ 2
Tribiotie rat_ ... _______________ Cecum-..________________ {Salmonella b 8-12
Dibiotic guinea pig._.---_____._____ Cecum __ . ________________ Str. faecalis.__________. 9
Dibiotic guinea pig...--- - _.______ Cecum .. ________________ E.colioooo oo .. 9.5
e . E colio_.____________._ 3-7
Tribiotic guinea pig- .- ---..______ Cecum_______..______.___ {L. bifidus. . 9
Dibiotic ehiek. . ________________ Teum.__.___ .. _____ Str. faecalis_.__..______ 10.4
Dibiotie ehiek. - - __________ Neum___________________. Cl. perfringens_.________ 9.2
Dibiotic c¢hick. - ... _______ Cecum - .- ____________. Cl. perfringens-.._.___. 9

» Germ-free animals were inoculated with one microorganism (dibiotic) or two microorganisms (tribiotic).
b Data expressed as logi of number of bacteria per gram of intestinal contents.

were added, the tribiotic guinea pig had a total
count of 10° per gram and the number of Z'. colé
was greatly reduced.

This variety of combinations of limited species
added to germfree animals indicates that the
total count of microorganisms in the lower in-
testine seems to be approximately 10° per gram.
If we assume 10'° organisms per gram of ma-
terial and the colon contents of man to be 1.5
kilograms, then the total number of microor-
ganisms in our body would be approximately
10**. Each one of these is leading what for
it is a normal life: eating its full share of
our food during its 20- to 60-minute lifespan,
metabolizing the material we provide, and ex-
creting products into our intestinal tract. The
total impact of these guests which are continu-
ally at dinner is the major problem to be con-
sidered. If we assume that a microorganism
can eat its body weight in 1 minute, then a rather
simple calculation suggests that the bacteria in
our tract process 1.5 kilograms per day; this
happens to be the same as the total contents of
the colon and is also approximately the amount
of food we eat each day. A population of 10%°
average-sized bacteria and 10" Bacteroides per
gram (see Gall et al., ref. 13) would suggest that
20 percent of the excreta is living bacteria
(table IT).

TaBLE I1.—Colon Microflora Biodynamics in Hu-
mans Based on Average Number of 10" Micro-
organisms per Gram of Intestinal Contents

No.perg_ e .. 101
No. excreted perday_______ _______________.__ 101
Colon contents, g*_ ___________ . ___________. 1500
Total microorganisms_ _ . ______--__________.__ 101
Weight of microorganisms, g (also %) ... __-__ 20
Weight processed perday, g ____.________ 1500

*Lower ileum and cecum included at 100 g each.

Metchnikoff believed that the ingestion of
buttermilk prolonged life by changing the
microflora of the intestinal tract to an aciduric
flora. Torrey and Montu (ref. 14) showed that
the presence of carbohydrate in a mixed flora
encouraged lactic-acid organisms while a diet
exclusively of meat decreased the number of
lactic-acid organisms and tremendously in-
creased Bacterium welchii. The concept that
carbohydrate is required in the diet in order to
maintain lactic microorganisms in the intesti-
nal flora was verified by Porter and Rettger
(ref. 15). (See fig. 1.) In starvation, another
condition with little carbohydrate available in
the gastrointestinal tract, the lactic-acid orga-
nisms were negligible. When carbohydrate was
added to the diet or when a mixed diet was used,
the lactic-acid organism became one of the most
abundant groups of organisms. The gram-
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Ficure 1.—Lactobacilli in rat intestine. The log of
the number of bacteria per cubic millimeter is
expressed on the ordinate. The abscissa on the
left gives the part of the intestine from which the
counts were taken. The abscissa on the right
gives the diet fed the rats. Data of Porter and
Rettger (ref. 15).

negative organisms were less dependent upon
the availability of free carbohydrate (fig. 2).
Another interesting study was that of Moore
et al. (ref. 168), which is presented in modified
form in table III. These data indicate that a
very small amount of folic acid can be im-
portant in changing the microflora. It did not
change the coliform count much but it did in-
crease the lactobacilli and the enterococci by
factors of approximately one million. When
streptomycin or Sulfasuxidine was added,
equally great changes were noted in the
coliforms and very low changes were noted in

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

/ Meat 8 lactose
Meat & lard

Duodenum Starve 5 days

Stomach ¢ Starve 2 days

FIGURE 2.—Gram-negative microorganisms in rat
intestine. See figure 1 for explanation. Data of
Porter and Rettger (ref. 14).

the lactobacilli. When the potency is expressed
as parts per million per log of change, it is noted
that the vitamin is much more effective on a
weight basis in changing the microfiora than is
either the sulfa drug or the antibiotic.
Workers at Chiba University at Japan have
performed remarkedly clear-cut experiments
showing the relationships of microorganisms to
each other in vivo. In these studies, reviewed
by Tanami (ref. 17) and Luckey (ref. 1), they
inoculated germfree guinea pigs with two dif-
ferent microorganisms. In the first experiment
presented herein (fig. 3) it will be noted that
the two microorganisms, Streptococcus faecalis
and . coli, seem to be compatible in the intestine
of the guinea pig and fill the gut to the capacity
(10°) according to the principles of the M-fac-
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FiGURE 3.—In vivo association of microorganisms,
inoculated per os, in the lower intestine of gnoto-
phoic guinea pigs. The inoculum of Str. faecalis
was considerably heavier than that of E. coli.
Data of Tanami (ref. 17).

tor. Figure 4 illustrates the experiment in
which Lactobacillus bifidus was inoculated into
20-day-old germfree guinea pigs in equal num-
bers with £ coli. It was noted that the lacto-
bacilli increased most rapidly and filled the
capacity. The £. coli grew more slowly. The
apparent struggle for dominance was lost by the
E. coli. Twenty-four days after inoculation
only 1 percent of the total organisms was £. cols.
In experiments in which the inoculum of lacto-
bacillus was heavy and that of £ coli was light,
the £'. coli could not be found after 12 days.
Preliminary experiments had shown that the
guinea-pig-adapted strain was lethal for germ-
- free guinea pigs. In another experiment (fig.
5), two strains of £. coli were introduced in
equal numbers. The human-adapted strain dis-
appeared rapidly and the guinea pigs died from
the symptoms caused by the guinea-pig strain of
E. coli. In a similar experiment guinea pigs
were given 100 times as many organisms of the
human strain as of the guinea-pig strain, and the
guinea-pig strain disappeared within 4 days; no
death occurred and no histopathology was
noted. Thus it appears that there was definite
antagonism between these organisms which
could be to the detriment or to the benefit of the
host depending upon other conditions.

In work of Phillips and Wolfe (ref. 18) it
was noted that a symbiotic relationship existed
between Endamoeba histolytica and two micro-
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FicurReE 4.—In vive antagonism of microorganisms
inoculated into germfree guinea pigs at 20 days
of age. Data of Tanami (ref. 17).
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FIGURE 5—In vivo antagonism of microorganisms
inoculated in equal quantities into germfree
guinea pigs at 20 days of age. Data of Tanami
(ref. 17).
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TasLE 1Il.—Effectiveness of a Vitamin, an Anti-
biotic, and a Sulfa Drug in Changing the Bac-
terial Population in the Intestine of a Chick

[Data of Moore et al., ref. 16]

NUTRITION IN SPACE AND

Count as logj,
Addition
Lacto- | Entero- | Coli-
bacilli coccei form
None______.._.__._ 4 4 8
5 ppm folic acid_ - - 10 9 9
Do.+500 ppm 9 3 4
streptomycin.
Do.+10 000 ppm 10 6 3
Sulfasuxidine.
Effec-
tive Material ppm per log change
ratio
1 | Folic acid._.._ 1 1 5
200 | Streptomyecin - 500 100 100
4000 | Sulfasuxidine__| 10, 000+ 3000 2000

organisms 7rypanosoma cruzi and E. coli.
Apparently T'rypanosoma was needed for food
of the amoeba in wvitro, if not in vive. In-
vasiveness for mammalian tissue did not ap-
pear to exist unless Z. coli were present in some
helpful capacity. The experiments of the Jap-
anese workers suggests that guinea-pig-
adapted £. coli alone could be the cause of the
death of germfree guinea pigs. These results
and others not summarized suggest that the
germfree animal is a good host for nonindige-
nous organisms. The question raised is: What
would happen to a host that had a simplified
flora by virtue of prolonged isolation ?

HOST MORPHOLOGY

The gross appearance of germfree animals
1s very similar to that of conventional animals.
Even close scrutiny by handling does not re-
veal whether a chick is germfree or classic
unless the olfactory senses are evoked. Then
it becomes obvious that the intestinal micro-
flora has a pronounced effect upon the odor of
the host. Germfree mammals may be distin-
guished from classic mammals since the en-

RELATED WASTE PROBLEMS

larged cecum of many germfree mammals
causes a distention of the abdomen which is
noticeable to the expert.

The effect of the microbial flora upon the
organs and tissues of the host is readily di-
vided into two parts. The first is represented
by those organs removed from microbial activi-
ties: these include brain, bone, muscle, kidney,
thymus, and endocrines. The second category
contains those organs and tissues which are
normally in constant contact with the microbial
flora. Here three different categories of
change are noted. The first might be termed
the primary defense of the body. This is ex-
emplified by the epidermis. Despite its contact
with microorganisms there is no noticeable
change in the features of the epidermis when
germfree and classic animals are compared.
Functionally, the bacterial clearing by the liver
and spleen belongs to the first category as de-
termined by Thorbecke and Benacerraf (ref.
19). In the mucosal lining of the gastrointes-
tinal tract there are changes which suggest that
similar changes would be noted in the dermis
if bacteria penetrated the epidermis.

In the second category are those defense
mechanisms which seem to be well developed
in the germfree animals, but the organs or
tissues simply are not functioning in defense.
Examples of the second category are the phag-
ocytes and antibody production. The data
of Wagner (vef. 20) illustrate that germ-
free animals do not have antibodies to bacterial
antigens; but when challenged, germfree and
classic animals respond with about the same
quantity of antibody. Thus it appears that
the mechanism for production of antibodies is
well developed in germfree animals but there
has been inadequate stimulus to evoke a re-
sponse.

The third class, or tertiary defense mecha-
nisms, are those in which organs and tissues
change morphologically upon contact. These
must be given time to develop after contact
with microorganisms. The lymphatic system
is the prime example in this category. Ap-
parently the epithelial lining of the sinuses
and the cilia of the epithelium are in a similar
category, according to Miyakawa (ref. 21).
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When the germfree animal is inoculated or
contaminated it will change within a few weeks
to the morphological state of the classic animal.

Specific morphologic comparisons were sum-
marized by Luckey (ref. 1). The circulatory
system and the heart were identical; hemo-
globin and red counts were similar. There was
an increased number of lymphocytes in the
classic animals, and the neutrophil count in
the germfree guina pigs was higher than that
in the classic guinea pigs. The number of
monocytes was lower in germfree than in
classic guinea pigs, but this was not true of
rats. The respiratory system was macroscop-
ically similar in the two groups. The pancreas
was similar in the two groups. The small in-
testine was greater in length, thicker, and
heavier in classic animals than in germfree
animals. Histologically there were differences
in the epithelial lining of the intestine. The
liver was somewhat smaller in germfree birds
than in conventional birds. The general ap-
pearance of the liver, kidney, ureters, and blad-
der and the color of the bile were identical in
the two groups. The differences in the lym-
phatic system will be considered in more detail
later.

The morphology of the cecum should be
considered in more detail. While the ceca of
birds were not different in germfree and
classic categories, the cecum of mammals was
enlarged in the germfree state. The work of
Hudson and Luckey (ref. 22) illustrates the
differences in the cecum size. (See fig. 6.)
The weight of the cecum and its contents in
the classic rats was about 2 percent of the total
body weight. That of the SPF rat was statis-
tically higher, being about 3.3 percent of the
body weight. The weight of the cecum and
contents of the germfree animals was much
higher than either of these, approximately 15
percent of the body weight. While the weight
of the cecum and contents drops rapidly fol-
lowing monoinoculation with certain micro-

“organisms, the size and weight of the cecum

wall do not change dramatically during this

period. The primary action then is an evacu-

ation of the cecum. This may be interpreted as
762-318 0—65——16
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a stimulation of the musculature of the cecum
by material provided by the microorganism.

HOST PHYSIOLOGY

The growth of germfree mammals appears
to be similar to that of classic mammals. In
early studies the growth of germfree male rats
was thought to be less than that of conven-
tional rats. Gordon (ref. 23) has suggested
that this was due to overcrowding in the early
work. The growth rate of germfree chickens
and turkey poults was slightly greater than
that of classic animals. The work of Coates
and Porter (ref. 24) suggests that this effect
was due partially to the production of a toxin
by intestinal microorganisms. Growth depres-
sion by the specific microorganism responsible,
Clostridium perfringens (welchii) A, could be
overcome by the administration of dietary anti-
biotics (Lev and Forbes, ref. 25). It might
be noted here that most food poisoning due to
bacterial action is thought to be caused by the
production of toxins by bacteria in the food
before it is ingested.

Although work in the second decade of this
century showed that life was possible without
bacteria, only in the past 15 years has it been
shown that mammalian reproduction through
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FicURE 6.—Relative weight of cecum and contents
in classic, SPF, germfree, and monognotophoric
animals. Data of Hudson and Luckey (ref. 22).
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several generations is possible without bacteria.
At the present time germfree chicks and quail
have reproduced, germfree rabbits have been
reared to the third generation, germfree
guinea pigs are in their fifth generation, and
germfree mice and rats are in the 20th gen-
eration according to M. Wagner (personal com-
munication) at the University of Notre Dame.
The data for rats and mice seem quite ade-
quate; however, there is still difficulty with
the enlarged cecum of the rabbit. If this be-
comes larger in proportion to the body weight
than that of the germfree mouse, it can cause
serious difficulties for the animals. When the
cecum size reached 25 to 30 percent of the
total body weight in germfree rats, it twisted
and stopped the passage of food material
through the intestine.

Of the variety of stresses that have been
studied in germfree animals, that of anal
blockage is of interest here. When the intes-
tine was blocked at the ileocecal valve, activity
decreased and no reproduction occurred; the
rats became sick and eventually died. A sim-
ilar reaction was seen in chicks (fig. 7) fol-
lowing anal pasting. This phenomenon is not
uncommon in our country and has been thought
to be a result of microbial infections. Seeing
it here in germfree chicks, some of which died,
is conclusive evidence that it is a physiological
disease rather than an infectious disease. It
has its prime cause in physiology and nutri-

FIGURE 7.—Anal pasting in germfree chicks.

tion rather than infection. The anal blockage
experiments of Wagner (ref. 12) confirm the
general conclusion that death resulting from
blocking of the intestine is not due to microbial
toxins, infections, or invasion, but must be
due to metabolic changes in the host.

Radiation sickness in germfree animals ap-
peared to follow a pathway similar to that in
classic animals with the exception that infec-
tious diseases did not complicate the experiment.
Consequently, when doses near or below the
LD-50 dose were given, the germfree animals
lived longer in the experiments of Reyniers
et al. (ref. 26) and McLaughlin et al. (vef. 27).
When higher doses were used no significant
difference was seen in the percentage of survival,
and the general appearance and symptoms of
radiation sickness were comparable. Similar
results were reported by Wilson and Piacsek
(ref. 28) in experiments with mice.

Although hemorrhagic shock appears to have
an infectious-disease vector, Zweifach (ref.29),
Horowitz et al. (ref. 30), and McNulty (see
Gyorgy, ref. 31) found no basic differences be-
tween germfree and conventional
which were subjected to shock under similar
conditions. Pathology of the dead animals was
similar with the exception of the previously en-
larged cecum of the germfree rats and general
infection of the classic rats.

animals

HOST NUTRITION

In all gnotobiotic experiments the diet must
be sterilized. Experiments with colonies of
germfree animals have been run satisfactorily
with diets which were sterilized by gas (ethyl-
ene oxide), by radiation (either gamma-ray or
electron-beam sterilization), or by steam heat.
Other methods of sterilization such as filtration
or dry heat and the feeding of sterilely raised
material have been used only on a limited scale.
Each of the methods can be used satisfactorily
and each of the methods can be misused, causing
a great variety of problems. Wherever com-
parisons are made, the classic animal must also
be fed the same diet sterilized in the same man-
ner.
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It should be noted that although the diets used
were sterile this does not mean they were free
from bacteria. Small amounts of dead bacteria
and their products exist in the diets. In one
experiment where we were feeding a microbial
fermentation residue as a source of unknown
factor, the bacteriologist of the team believed
contamination was present because large quan-
tities of bacteria were seen in microscopic exam-
ination of fresh feces and the animals reacted to
the microorganisims used with a good antibody
response. However, no viable microorganisms
were found to be present. One recent experi-
ment of Pleasants et al. (ref. 32) has been run
with a filtered, chemically defined, water-soluble
diet.

If one considers the metabolism of germfree
and classic animals, one might suspect that
germfree animals require less food or possibly
excrete less feces. This is apparently not true,
as shown with rats (table IV). Kuster (ref.
33) reported a similar result with goats; Balzam
(ref. 34) and Forbes and Park (ref. 35) found
a similar effect with germfree chicks. Germ-
free and classic animals eat about the same
amount per day and excrete about the same
amount per day. And their food efliciency is
comparable. The feces (table V) are somewhat
more watery in the germfree rats than in the
classic rats. Otherwise the gross composition
seems to be similar when nitrogen and fat are
determined on a dry-weight basis. The sur-
prising fact, then, is that while biologically the
excreta of the two groups of animals differ
tremendously, there is no significant qualitative
difference on a chemical basis other than the
water content.

TABLE 1V.—Metabolism of Male Rats
[3-week period]

2 germfree | 2 classie
Average age, days..___ 165 146
Weight, g ...__.____ 221 324
Weight change, g..____ —0.5 0.6
Food, g/day._._ __..____ 16.5 15.4
Feces, g/day.._ _..____ 1.98 1.21
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TABLE V.—Rat Excretion Study

[The collections were taken from one rat for each
category for 3 weeks.]

Germ- Conven-
free tional
Food intake, g/day/100 g
rab. . 4. 50 4. 57
Feces, g/day/100 g rat__._ 0. 316 0. 227
Water, percent______ 35 15
Nitrogen, percent
dry_ . __________ 4.22 3.05
Fat, percent dry.___ 4.58 5.58

A somewhat similar problem was posed by
Babeock more than a half-century ago when he
forgot to label data in the laboratory during
a metabolism study. Babcock’s dilemma has
been modified here with human data (table VI).
Columns A, B, and C represent the gross com-
position of body, food, and excreta of man, but
the order is not designated. When one first looks
at this data it is not too easy to determine which
is excreta, which is food, and which is the body
of man. In this case the carbohydrate is the
giveaway. Since this was an American diet, it
was high in carbohydrate: A is the food. Since
the analysis of human total carcass by Forbes
et al. (ref. 36) was done on a fat man, the high
lipid in column B gives away the fact that this
was the body composition. The feces are then
delegated to column C. They are often higher
in minerals and can be detected fairly readily
on that account.

TaBLE VI.—Babcock’s Dilemma

[The columns of data are for food, feces, and total
body composition in man, but not in this order. To
obtain the correct order, refer to the text. Data
from Starling’s Textbook of Physiology, and Forbes
et al. (ref. 36)]

A B C
HO_ ... 64 60 66
Ash_ ... 1 5 5
Lipid-o oo ____ 6 14 6
Protein_________________. 7 18 14
CHO @iff).. ... 22 3 9
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Babeock’s dilemma is modernized in table
V11, where columns A, B, and C are the vitamin
content of body, food, and excreta of chicks
without designation of which is which. Again
it 1s difficult to distinguish between the columns.
Column A gives data from the complete carcass
analysis, column B is the diet fed the chicks,
and columns C and D are the excreta.

The second part of this dilemma involves
columns C and D. Both are excreta, one from
germfree chicks and the other from conven-
tional chicks. Again it is not easy to deter-
mine which is which, since some values are
higher in column C and some are higher in
column D. Actually column C is from germ-
free chicks and D is from classic chicks. It may
be worthwhile to note that in both categories
of bird some of the vitamins are higher in the
excreta than they are in the diet. Since the
biotin and folic acid concentrations were higher
in the excreta than in the diet in the case of
germfree chicks as well as classic chicks, this
increase was not due to bacterial action and
must. represent bioincrassation. Biloincrassa-
tion is the concentration of relatively insoluble
compounds within the intestine by the absorp-
tion of the more readily digestible components
of the diet such as carbohydrate, protein, and
fat. Bioincrassation is readily seen in mineral
or tagged bacteria studies.

The overview of the vitamin requirement of
germfree animals is simply that germfree
chicks seem to. require all the B vitamins and

TaBLE VII.—Modern Dilemma

[The vitamin content of chicks’ excreta, food, and
total body, but not in that order. The excreta of
germfree chicks forms one column and that of
classic chicks forms another column. Refer to the
text to determine the proper heading for each.
The data are given as /g on a dry-weight basis]

A B C D
Riboflavin______ 15 103 81 33
Niaein_..__.___ 155 92 90 135
Pantothenate___.| 66 34 41 36
Biotin.._______ 0.2 0.4 1.8 2.3
Folate. . ______ 18 2.8 16.9 8.5

NUTRITION IN SPACE AND RELATED WASTE PROBLEMS

fat-soluble vitamins that classic chicks do.
Germfree rats are shown to require biotin and
possibly folic acid and vitamin K, which are
not required by classic rats fed no drugs. There
is a real discrepancy in the folic acid data but
we cannot deny that McDaniel (ref. 37) pro-
duced a folic acid deficiency in germfree rats
without the use of drugs. These qualitative dif-
ferences in vitamin requirements of the rat sug-
gest that the bacteria of the intestine produced
vitamins which were utilized by the host, pre-
sumably without benefit of coprophagy. Since
these experiments have not been run with re-
strained rats or with rats carrying tail cups,
coprophagy is still a possibility. Coprophagy
must be eliminated for the study of the intes-
tinal synthesis theory, but it is a routine way for
animals such as rabbits, mice, and rats to obtain
a good supply of vitamins.

Miller and Luckey (ref. 38) first showed in
gnotophoric animals the utilization of vitamins
presumably produced in the gastrointestinal
tract. (See fig. 8.) When the growth was
limited by using only 100 micrograms of folic
acid per kilogram of diet, the chicks weighed
100 grams at 3 weeks. When £ coli was added
to germfree chicks the monoinoculated chicks
grew considerably better than the germfree
chicks. Folic acid analysis of tissues substan-
tiated the fact that there was more folic acid in
the gnotophoric birds than there was in the
germfree birds. This is good indirect evidence
that the folic acid produced by the E. coli was
utilized by the gnotophoric chicks for growth

200 b Chicks wth monoflora
of E. coli
o
TE: o '~ Germ-free
¢ chicks
2 100
2
1 ] | | | L |
0 100 200 300 400 500 1 40
wg folic acid mg folic acid
g diet kg diet

Ficure 8.—Effect of E. coli on growth response of
chicks to folic acid in the diet.
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and for the body stores. The amount utilized
was about 15 percent of the minimum require-
ment. This work was soon confirmed by Gus-
tafsson et al. (ref. 39) in an experiment in
which vitamin K deficiency was alleviated by
adding specific microorganisms to germfree
chicks (table VIII). Vitamin K deficiency in
germfree animals could be alleviated by feeding
vitamin K, or by inoculating with Sarcina, E.
coli, or a full microflora. A variety of other
microorganisms did not alleviate the deficiency.

Another difference between germfree and
conventional animals is their reaction to anti-
biotics. Germfree animals react to low levels
of antibiotics while classic animals react to
antibiotics over a wide concentration range.
Presumably, low levels of antibiotics act directly
on the host while the higher levels have an effect
upon the intestinal microflora. This work has
been reviewed by Luckey (ref. 1).

It is not yet fashionable to include fiber as
an essential nutrient; however, there is much
evidence that fiber in the diet is conducive to
well-being and fast growth in most species
tested. This has been shown in the rat by Carl-
son et al. (ref. 40) and in crickets by Neville et
al. (ref. 41). The cecum of the germfree rat
decreased about 50 percent when 8 percent cello-
phane was added to the diet. Microorganisms
function in some manner to reduce further the
cecum size.

HOST CHEMISTRY

A summary of the survey of the chemical
composition of germfree animals (figs. 9 and

TasLE VIIL.—Vitamin K Study With Germ-Free
and Gnotophoric Rats

[Data of Gustafsson et al. (ref. 39)]

Prothrombin

activity,

percent
Germfree. ... ___ . ____ o ____ <10
Germfree + vitamin Ky (25v/kg)._.____________ 100
Germfree+Sarcing. .. ... ___________________ 100
Germfree+ E. colé__ . ______________________ 100
Germfree+ L. acidophilus_ . __ ________________ <10
Germfree+ Diphtheroid.____________________. <10
Germfree-+Bacteroides (enteric)_. . _____._____ <10

Germfree-+full flora_____________________.____ 100
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10) illustrates that the differences in gross com-
position between germfree and classic animals
are generally few. The cecal contents have
more moisture in the classic chicks, and the
nitrogen of the cecum is somewhat higher than
in germfree chicks. Most values are not sig-
nificantly different in the two categories. Such
results are typical of vitamin analyses. Usually
there is about one difference between germfree
animals and classic animals for nine compari-
sons in which there is no difference. Thus far,
these differences have not made a pattern which
could be correlated with any meaningful mor-
phological or physiological observatjon.

We have already noted that the vitamin con-
centrations in intestinal contents may be higher
than in the diet. Another interesting phenom-
enon is the fact that germfree chicks fed a
thiamin-deficient diet had a higher concentra-
tion of thiamin in their excreta than in their
liver. Thus they were apparently excreting the
vitamin which was causing their death by its
deficiency.

The feces of germfree animals had prote-
olytic activity and were shown to contain
trypsin and invertase by Borgstrom et al. (ref.
42) and Lepkovsky et al. (rvef. 43). Trypsin
and invertase were not found in feces from con-
ventional rats; presumably the microorganisms
inactivated these enzymes. The amylase con-
tent of the feces of germfree animals was
slightly greater than that found for classic ani-
mals. Urobilin was not found in the feces of
the germfree rats, while the bilirubin content
was higher than that of classic rats, according to
the data of Gustafsson et al. (ref. 44). Wagner
(ref. 45) found no indole in the feces of germ-
free animals. When £. coli was added to the
animals, indole was found in the excreta. The
main sterol of germfree rat feces was choles-
terol when the diet was a synthetic corn oil,
according to Gustafsson et al. (ref. 46).
Taurocholic acid was the only metabolite of
cholic acid when Gustafsson et al. (ref. 47) fed
labeled cholic acid to germfree rats. These
findings suggest that the feces of germfree ani-
mals contain somewhat simpler metabolites than
the feces of classic animals.
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FicURE 9.—Gross analysis of dry weight of 10-week-old white leghorn chicks. Averages for the germ-
free chicks are the base of 100 and the differences for the conventional chicks are represented by
black bars. The coefficient of variability is given for the germfree at the left of the bar and for the
conventional birds at the right of the bar.
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Ficure 10.—Gross analysis of nitrogen content of 10-week-old white leghorn chicks. Averages for the
germfree chicks are the base of 100 and the differences for the conventional chicks are represented
by black bars. The coefficient of variability is given for the germfree at the left of the bar and for
the conventional birds at the right of the bar.
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DEFENSE MECHANISMS

The main anatomical differences that have
been noted between germfree and classic ani-
mals are related to defense mechanisms. The
finding of Glimstedt (ref. 48) that the lym-
phatic system of germfree guinea pigs was
grossly underdeveloped has been amply con-
firmed by Gordon (ref.23) and Thorbecke (ref.
49). Bauer et al. (ref. 50) found an increased
development of lymph nodes in germfree ani-
mals which had been injected with £. coli anti-
gen. The changes in the lymph node develop-
ment following monoinoculation of germfree
rats or mice are illustrated by the data of Hud-
son and Luckey (ref 22). (See fig. 11.) This
rapid quantitative change is less dramatic than
the qualitative change seen in the apex of the

mg %
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Ficure 11.—Cervical lymph node development in
germfree and monognotophoric mice at different
times after monoinoculation. The ordinate is mg
per 100 grams of body weight. Data of Hudson
and Luckey (ref. 22).

cecurn of the germfree rats which had been
monoinoculated (fig. 12). The apex of the
germfree cecum is generally clear. The classic
animals show a well-defined apical aggregate
comparable to a Peyer’s patch. This aggregate
develops in less than 24 hours as shown by the
middle cecum in the figure. These changes in
the morphology of germfree animals illustrate
the impact of microorganisms. Similar quali-
tative differences have been noted by Miyakawa
(ref. 21) in the sinus epithelium, which was
grossly underdeveloped and contained no cilia
in'the germfree state. The classic animals had
an epithelium which was multilayered and con-
tained many cilia.

The paucity of leukocytes in germfree ani-
mals and the poor phagocytic response make
these animals very susceptible to infection.
Bauer and Horowitz (ref. 50) suggest slow
macrophage digestion to be the major difficulty
in phagocytosis by germfree mice. Germfree
rats and mice often will die when taken directly
from the germfree cage to the animal colony.
If they are allowed to go from the cage to a pro-
tected environment for 4 days, practically none
of them die when they are taken to the colony.
Germfree chicks do not show this susceptibil-
ity ; they may be taken directly from the cage to
the animal colony. Surprisingly, germfree
animals are effective in clearing injected par-
ticles or dead bacteria from the blood, according
to the data of Thorbecke (ref. 49). The serum
of germfree animals was found to have little
germicidal activity as compared with that of
conventional animals or gnotophoric animals
containing a monoflora of £ coli (fig. 13). This
work of Tanami and associates is interesting
since it again shows that in the antagonism be-
tween Lactobacillus bifidus and £ coli the lacto-
bacillus neutralizes the effect of the £. col.
Heterohemagglutinins, properdin, and comple-
ment are present in germfree animals. Specific
antibodies are generally absent but they develop
very rapidly and in quantities equal to those of
conventional animals when challenged (Wag-
ner, ref. 20).

Miyakawa (ref. 21) has shown that germfree
animals do not develop anti-immune antago-
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F1cure 12.—Cecal apical aggregate.
at the apex of the cecum on the left which was taken from a classic rat.

rat, shown on the right, has no such aggregate.

developed aggregate.

A large Peyer’s patch (the circular spot in the upper corner) is seen

The cecum of the germiree
The cecum in the center shows a diffuse but well-

It was taken from a rat 1 day after monoinoculation of a germfree rat with

Streptococcus faecalis. Data of Hudson and Luckey (ref. 22).

nism to heterotransplants. Thus skin grafts
from different individuals and, indeed, from dif-
ferent species, have been accepted by germfree
guinea pigs without serious default. Human
tumor tissues were also shown to be viable in
germfree guinea pigs. The endotoxin response
in germfree animals was found to be different
from that in conventional animals. Endotoxin
was highly lethal in classic guinea pigs but not
in germfree guinea pigs. This response was
opened to question by Smith (ref. 51). An-
other difference between the two animal cate-
gories is the fact that blood vessels do not de-
velop in granuloma tissue in germfree animals
while they do in conventional animals. Pre-
sumably here is another case of an education
process being required before the cells of the
vascular system can be induced to penetrate the
new tissue.

CONCLUSIONS

It is noted that the initial controversy over
how essential bacteria are for the life of mam-
mals cannot be clearly answered. The dilemma
an be resolved only by defining “essential.” If
they are given special care and special diet,
germfree animals can be reared through 20 gen-
erations. However, these animals differ from
classic animals in morphology, nutrition, and
chemical composition. The way in which they
differ most is that the defense mechanisms are
not well developed. The physiological re-
sponses which have thus far been measured are
not materially different. Chemical analysis of
the animals shows that there are fewer differ-
ences than there are likenesses. While each of
these differences is meaningful, the general ap-
pearance of the germfree animal suggests that
it is less complicated on a morphologic, histo-
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FIGURE 13.—Bactericidal activity of serum of guinea
pigs held under different conditions as compared
with that of Kreb’s fluid. The ordinate gives the
percentage survival of a culture of Salmonella
typhi. Data of Tanami (ref. 17).

logic, and chemical basis than the conventional
or classic animal. The excreta of germfree
animals are remarkably different biologically
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